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Abstract
The linear optical, and nonlinear optical and magneto-optical properties of plasmonic
nanostructures oer important guidelines for designing nanoscale all-optical and quantum
optical devices with ultra-fast response time.

This dissertation work presents the study

of those properties in Ag, FeAg and CoAg metallic nanostructures.

While UV-Vis-NIR

spectroscopy and modied Z-scan techniques were used to study the linear and nonlinear
properties, electron energy-loss spectroscopy performed in scanning transmission electron
microscopy mode was employed to investigate and evaluate those properties. This work also
present the synthesis techniques of those nanostructures. The Ag and Co-Ag nanoparticles
were synthesized by pulsed laser melting of thin lms while Fe-Ag bimetallic arrays were
fabricated by nanosphere lithography techniques.

Near-spherical Ag nanoparticles were

synthesized by Ultra Violet (UV) laser dewetting of Ag thin lms under a glycerol uid
environment. Under a single 9 nanosecond laser pulse irradiation of the particles in air, the
particles were changed into a near-hemispherical shape. The resulting changes in particle
contact area and volume fraction in the dielectric media resulted in substantial shift in the
wavelength and intensity of the dipolar and quadrupolar LSPR modes to the violet side of
the visible spectrum. Fe-Ag bimetallic hexagonally ordered nanopyramidal arrays showed
the giant negative nonlinear refraction and nonlinear Faraday rotation at telecommunication
wavelength of 1550 nm.

Further, the nonlinear response was dependent on the degree of

overlap of the Fe nanopyramid on the Ag nanopyramid which inuenced the strength of
plasmon induced dipoles on the Ag nanopyramid. The analysis of optical spectra and electron
energy loss spectra of Co-Ag nanoparticles led to detection of localized surface plasmons at
the interface of two metals ever observed from bimetallic nanoparticles. These investigations

vi

and ndings generally advance the science of plasmonic nanostructures towards optical,
magneto-optical and quantum-optical based applications.
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Chapter 1
Introduction
Plasmonics focuses on the interaction between electromagnetic waves (such as light) and
valance electrons (plasma) in bulk, at surfaces, and at defects.

Research in plasmonic

nanostructures has led to devices with unique, and often unexpected optical/magnetooptical properties.

For instance, plasmonic properties in metallic nanostructures can be

nely tuned by changing the dielectric environment or dimensions of nanostructures [16].
These properties are exploited in molecular or chemical sensing because plasmons cause a
very strong optical response.

More exotic optical eects can be achieved with plasmonic

meta-materials or wave-guides.

Most interestingly, plasmonics oers a wide range of

applications in any eld which demands enhanced control and interaction of photons,
such as in beam shaping, single bio-molecule detection, hot-electron and spin currents
generation. With development of atomic scale fabrication and characterization techniques
such as electron energy-loss spectroscopy, applications like lasing, optical cloaking and optical
communications are on the horizon [17, 18, 19, 20, 21]. Nonlinear plasmonics is a new research
area with a lot of promises in ultra-fast optical communications and quantum-information
processing.
The work presented in this dissertation focuses on the eects of plasmonics in linear
and nonlinear domains.

In the linear optical domain, plasmonics demands active control

of plasmon-induced resonant optical behavior. The existing technologies that modulate the
plasmon-induced resonant wavelength are based on changing the dielectric environment or
employing active dielectric substrates.

This dissertation work presents for the rst time
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the reversible plasmonic resonance properties on a plasmonically passive substrate (fused
quartz). Interestingly, this plasmon-induced reversible resonant wavelength was achieved by
contact angle tuning of Ag nanoparticles with nanosecond

single

laser pulse. In addition to

this, an analysis of electron energy-loss spectra and optical absorption spectra in a bimetallic
plasmonic system is presented. This study has led to the direct detection of localized surface
plasmons at metallic interface.

This work was mainly motivated by enhanced plasmonic

properties in bimetallic systems reported recently [22, 23].

In the nonlinear domain, the

dissertation work focuses on the development of cost-eective novel bimetallic nano-arrays for
application in technologically important wavelengths such as telecommunication wavelengths
(1530-1570 nm). The enhanced nonlinear eects of plasmonic system have generally been
reported at fundamental resonant wavelength which falls in visible or near infra-red regions
(400 nm-1200 nm) in the case of Ag or Au nanostructures [24].

Here we aim to utilize

the eect of two-photons absorption generally reported for semiconductors to enhance the
nonlinearity at the energy of one photon.
model system exhibiting

simultaneous

This dissertation work successfully presents a

and extraordinarily large third-order refractive indices

and photo-induced (nonlinear) Faraday rotation from Fe-Ag arrays at the telecommunication
wavelength of 1550 nm mediated by plasmonic eects. We also put emphasis on quantitative
analysis of electron energy-loss spectra to compare the plasmon-induced eects. In general,
this dissertation work enriches the linear and nonlinear optical/magneto-optical regimens
with plasmon-induced eects necessary for sensing, all-optical switching and quantum-optical
information processing.
The plasmon-induced optical properties of metallic nanoparticles have been exploited for
thousands of years. The classic example is the famous Lycurgus cup from the Roman era,
which eectively displays a multitude of colors due to size-dependent optical properties of
gold nanoparticles [25].

However, the systematic study of plasmonics can be traced back

to as early as 1857 when Michael Faraday studied the optical properties of metallic colloids
[26].

The study was further advanced by Gustav Mie who investigated the simulation of

color eects created with gold particles using classical Maxwell equations [27]. However, the
rediscovery of plasmons in a variety of contexts has clearly pushed the existing theory to
the limit and points towards the interlinked nature of many phenomena and applications
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in plasmonic [28, 29, 30, 31].

Based on the origin of plasma oscillations, the family of

plasma oscillations can be divided into three parts: volume (bulk) plasmon, surface plasmon
polariton and localized surface plasmon.

•

Volume plasmon
A volume (bulk) plasma oscillation is a coherent motion of electron gas density excited
longitudinally (parallel to propagation direction). The frequency of these oscillations
( in the

k

∼

0) is called plasma frequency and is given by

ωp =

p
N e2 /(0 .m∗ ).

It

depends on the volume density of conduction electrons (N ), the electronic charge(e),

∗
the dielectric constant in vacuum (0 ) and the eective mass of the electrons (m ) [32].
The bulk plasma frequency is at in

k as shown in Figure 1.1(a).

The Jellium model

which is a quantum mechanical description, provides a good approximation to plasmon
oscillation. According to it, the electrons in metal oscillate about the positive metal
ion cores due to Coulomb interaction.

The model treats the discrete positive nuclei

in metals as continuous immobile positive charges in space and individual electron
interacting via a screened Coulomb potential. The existence of bulk plasmon modes in
thin lms has experimentally been veried by electron energy-loss spectroscopy (EELS)
[2, 33, 34].

•

Surface plasmon polariton (SPP)
Surface plasmon modes are lower energy modes than bulk modes supported by metal
surfaces. The surface breaks transnational invariance which supports a plasmon mode
normal to the surface as shown in Figure 1.1(b). In general, this mode can not couple
with light due to momentum mismatch. However, it is possible to provide necessary
momentum by a grating or using evanescent mode of light. The resulting mode is called
surface plasmon polariton and has application in wave guiding and surface sensitive
sensors [35, 36].

•

Localized surface plasmon (LSP)
LSP is a coherent and collective oscillation of free-electron gas density
nanoparticle.

conned

The schematic illustration of LSP is shown in Figure 1.1(c).

in a

For the

nanoparticles with size smaller than 20 nm, the problem can be eectively solved by

3

Figure 1.1:

(a) Dispersion relations of plasmonic modes (b) Surface plasmon polaritons

at the interface of a metallic thin lm and a dielectric (c) Localized surface plasmon in a
metallic nanosphere. Image adapted from [2]
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the quasi-static approximation because the electric eld phase can be assumed constant
over the particles. However, the practically interested metallic nanoparticles are not
always of deep subwavelength sizes.

The LSP resonant behavior of such particles is

sensitive to the refractive index (RI) of the surrounding medium, composition of the
metal, and the geometrical features of the particle such as it's shape and aspect ratio
[13, 28, 37, 38, 39].

The LSP induced tunable optical properties are suitable for a

variety of applications from sensing, lasing, imaging to optical bers [40, 41, 42, 43,
44, 45, 46, 47, 48, 49, 50, 51, 52].

This dissertation work mainly focuses on the study of LSP induced optical/magnetooptical properties of metallic nanostructures in both linear and nonlinear domains. A brief
account on how the local environment and geometrical attributes of the nanostructures aect
LSP resonance frequency is presented below.

•

Factors aecting LSP resonance wavelength in plasmonic nanostructures
The derivations in this section are adapted from Willets and Van Duyne [12].

The

Mie theory gives the analytical solution of optical properties of metallic nanoparticles
by solving Maxwell equations [27].
of

radius

r

∼

0.1λ,

the

Within the limitation of spherical nanoparticle

extinction

(absorption+scattering)

cross-section

of

the

nanoparticle ca be written as,

3/2

σext (λ) =
where,

V , re , im , med

18πV med
im (ω)
×
λ
[re (ω) + Gmed ]2 + (im (ω))2

(1.1)

are volume of the nanoparticle, real part of the dielectric

function of metal, imaginary part of the dielectric function of metal and dielectric
function of the surrounding medium respectively.

G

is the geometrical factor and

equal to 2 for spherical nanoparticles. Considering the behavior of conduction band
electrons as quasi-free particles, the dielectric response of these electrons in incident
oscillating electromagnetic eld of frequency

ω

as,

(ω) = re (ω) + i.im (ω) = core −
5

is well described by Drude model [53]

ωp2
ωp2 .τ
+
i.
ω2 + τ 2
ω.(ω 2 + τ 2 )

(1.2)

where,

ωp

and

τ

are plasma frequency and collision (damping) frequency respectively.

The size dependent collision frequency is expressed as,

τ (r) = τ∞ +
with bulk relaxation frequency
M =2), and

vf

τ∞ , M

is Fermi velocity.

M vf
2r

(1.3)

is multiplying factor (for spherical particle

Also, the plasma frequency,

ωp =

p
N e2 /(0 .m∗ )

depends on the volume density of conduction electrons (N ), the electronic charge(e),

∗
the dielectric constant in vacuum (0 ) and the 'eective mass' of the electrons (m ) [32].
The localized surface plasmon resonance (LSPR) occurs when extinction cross-section
is maximized, i.e.

re = −2med .

Accordingly [54],

ωLSP R = √

ωp
2med + 1

(1.4)

or,

√
λLSP R = λp 2med + 1

(1.5)

For the particles with dierent shapes (other than spherical) with depolarization factor
(L),

r
λLSP R = λp
Where,

∞

2∞ + (

1
− 1)med
L

(1.6)

is the high frequency contribution to the metal dielectric function.

This

gives an overall perspective of LSPR frequency control of metal nanoparticles.

The

ωp =

p

N e2 /(0 .m∗ )

nanoparticles through
Further,

is aected by size, shape, composition of metals or alloys

n

and

m∗ ,

while

med

is aected by the surrounding medium.

the nanoparticles are also sensitive to interparticle separation enabling

dierent resonance modes, Fano resonance and spectral splitting, to name a few [55, 56].
For the nanoparticles with dipolar coupling, the gap dependent plasmonic shift can be
written as,

∆λ
λLSP R

6

−d
= Ae 2rΓ

(1.7)

where,

A

is maximum fractional shift (coupling strength),

is radius of particles and

Γ

d

is particle separation, r

is decay length of the electric eld away from the particle

surface.
The above discussion gives a general idea of LSPR behavior in plasmonic nanoparticles.
I specically discuss what magnitude of those eects is observed in Silver (Ag)
nanostructures in the following paragraph.

•

LSPR quality in Ag nanostructures
The LSPR quality of metallic nanostructures which determines their applicability is
limited by two important parameters namely resonance frequency (ωLSP R ) and quality
factor, which is dened as

Q =

ωdre
2im

=

ωLSP R
.
2∆ω

There are only a handful of metals

which showed resonance frequency in important visible wavelengths and good quality
factors. These metals are Ag and Au. A comparison of resonant frequency and size
and shape independent quality factor (Q

=

ωdre
) of Ag and Au are shown in Figure
2im

1.2. It is evident that the Ag has an extremely larger quality factor than Au metal
nanostructures in visible and near-infrared regions.

It has been reported that the

optical cross-section of Ag is four times larger than Au [57].

Linear optical properties of plasmonic nanostructures
Strong light-matter interaction due to large scattering/absorption cross-section in plasmonic
nanostructures generates unique linear optical properties. The attributes that describe the
linear optical properties of the material are absorbance, transmittance, extinction coecient,
and refractive index.

Ag nanostructures show unusual plasmon induced linear optical

properties inuenced by the factor described above.

The refractive index dependent of

LSPR wavelength for spherical Ag nanoparticle are shown in Figure 1.3. Further, extinction,
absorption and scattering spectra obtained for Ag nanostructures with dierent geometrical
features are presented in Figure 1.4.
These tunable linear optical properties dependent on encompassing matrix and geometrical attributes of plasmonic nanostructures have a signicant impact on nonlinear optical

7

Figure 1.2:

Shape independent quality factor versus resonance frequency for plasmon

resonances in Ag and Au metals. Image from [3]. Copyright [3]

8

Figure 1.3:

Plot showing the linear relationship between the surrounding refractive index

n and the LSPR

λLSP R

of Ag spherical nanoparticles. Image from [4]. Copyright [4]

9

Figure 1.4:

"Extinction (black), absorption (red ), and scattering (blue) spectra calculated

for Ag nanoparticles of dierent shapes: (a) a sphere (b) a cube, (c) a tetrahedron, (d )
an octahedron, and (e) a triangular plate. ( f ) Extinction spectra of rectangular bars with
aspect ratios of 2 (black), 3 (red ), and 4 (blue)" [5]. Image from [5, 6, 7]. Copyright [5, 6, 7]
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behavior.

This behavior generally arises due to local eld enhancement.

In the following

subsection, I discuss optical nonlinearity in plasmonic nanostructures.

Nonlinear optical properties of plasmonic nanostructures
The plasmonic nanostructures manipulate the incident electromagnetic eld which enhances
the various nonlinear phenomena to the plasmonic nanostructures themselves or the other
media near their vicinity. There are two ways of contribution towards the nonlinearity of
plasmonic nanostructures [24, 58]

•

due to local eld enhancement at the fundamental frequency

•

coupling of outgoing nonlinear signal to radiative LSP modes or manipulation of local
interference between various nonlinear sources

The simplest model to understand the plasmonic nanostructures is a nanosphere which has
been extensively studied with regards to optical nonlinearity. The contributions to the second
harmonic generation (SHG) of nanospheres are generally attributed to surface and bulk
terms. However in noble metal, due to symmetry (centrosymmetry), the bulk contribution
is forbidden.

The SHG in plasmonic nanoparticles can only be due to a surface term

where symmetry breaking occurs. Another important factor contributing to nonlinearity is
geometrical ordering which aects the circular dichroism in SHG due to geometrical chirality.
It has been demonstrated that the chiral G-shaped gold particles exhibits a strong SHGcircular dichroism (CD) eect attributed to enatiomerically sensitive plasmon modes, with
strongest signal at fundamental wavelength of plasmonic resonance [58, 59]. Recently, large
third order nonlinear refraction (four orders of magnitude larger than in silica) has been
reported from gold meta-surface at o-resonant wavelength of 1550 nm [60] . This behavior
was attributed to the morphology of the metasurface which arises due to collective interaction
between the nanospheres.

Nonlinear magneto-optical properties of plasmonic nanostructures
Magneto-plasmonic nanostructures are generally composed of noble metals and ferromagnetic metals/alloys and plasmonic and magnetic properties coexist.
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Magneto-plasmonic

nanostructures show very unique magneto-optical properties generally due to spectral overlap
of plasmonic transition and magneto-optical transition [61]. The magneto-optical properties
of such systems are generally studied in two modes: in reection mode as magneto-optical
Kerr eect (MOKE) and in transmission mode as Faraday or Voigt eect. The change in
magneto-optical response from the system arises due to the inuence of the magnetic eld
in the eective dielectric permittivity of the system.

Plasmon-enhanced magneto-optical

Faraday rotation has been demonstrated in a number of magneto-plasmonic systems such as
gold-coated

γ -Fe2 O3 , core-shell Co-Ag nanoparticles, a colloidal solution of spinel ferrite and

Ag amongst others [62, 63, 64]. Nonlinear Magneto-Plasmonic (NMP) systems are generally
studied as nonlinear MOKE which arises due to nonlinear plasmonic and magnetic plasmonic
properties. The most often studied nonlinear eect is magnetic second harmonic generation
(MSHG) which contains magnetic components of the second-order nonlinear susceptibility
tensor.

For a system with magnetization M induced spontaneously or due to an external

magnetic eld, the second-order nonlinear polarization is [65]

PN L (2ω) = 0 χel E(ω)E(ω) ± 0 χmag (±M )E(ω)E(ω)

(1.8)

Here the magnetic contribution to second harmonic generation is described by the last term
in Eq. 1.8 and the total MSHG signal is given by

I2ω = (PN L (2ω))2

(1.9)

To the best of my knowledge, no nonlinear Faraday process has been studied in magnetoplasmonic structures at telecommunication wavelength of 1550 nm
While plasmonic nanostructures exhibit rich set of optical and magneto-optical properties
due to strong enhanced light-matter interaction, in the following section, I will briey discuss
the theoretical aspect of optical and magneto-optical properties of solid material in linear
and nonlinear regimen.
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1.1

Optical and magneto-optical properties in solid

The optical and magneto-optical properties of a material tell how it interacts with incident
electro-magnetic elds and are dependent on compositions, structures, and symmetry of the
material and its constituents. These properties are generally measured in terms of frequency
dependence reectance, absorbance and polarization rotation. The most important material
property which describes the electronic and optical nature of the material is its dielectric
function. It also allows for a comparison of response of materials on interaction with photons,
electrons and their elds. In the macroscopic limit, the interaction of material with electric
and magnetic elds of incident electro-magnetic waves are described by Maxwell's equations
[66, 67]. They are,

∇ · E = 4πρtotal

(1.10)

−1 ∂ B
c ∂t

(1.11)

∇×E=

∇·B=0
∇×B=
Here,

(1.12)

1 ∂ E 4π total
+
J
c ∂t
c

(1.13)

E and B are electric and magnetic elds respectively; ρtotal and Jtotal are total charge

and current densities respectively.
density can be expressed as

The elds are macroscopic here.

ρtotal = ρf ree + ρbound = ρext + ρbound ,

Further, total charge

while total current density

Jtotal = Jf ree + Jbound = Jcond +
Jext + Jbound . By introducing the properties of medium with polarization (P)- electric dipole
moment per unit volume and magnetization (M)-magnetic dipole moment per unit volume,
can be expressed as sum of free and bound current densities

we get

ρbound = ρpol = −∇.P

(1.14)

and,

Jbound = Jpol + JM ag =

13

∂P
+ c∇ × M
∂t

(1.15)

1.1.1 Optical properties of linear optical medium
Within the linear approximation,

Here,

χE , χM , σ, 

and

µ

P = χE E

(1.16)

M = χM H

(1.17)

Jcond = σE

(1.18)

D = E

(1.19)

B = µH

(1.20)

are the electric susceptibility, magnetic susceptibility, conductivity

(optical), dielectric function and magnetic permeability of the medium. Using vector identity

ext
in isotropic medium with no external charge sources (ρ
wave equation as,

∇2 E =

=0

), we can readily derive the

µ ∂ 2 E 4πσµ ∂ E
+ 2
c2 ∂t2
c
∂t

(1.21)

For the single plane wave solution as the optical experiments are generally performed
with monochromatic light,

E = E0 ei(q̂·r−ωt)

(1.22)

q̂ is a complex propagation constant and ω is the frequency of the light. The real
and imaginary parts of q̂ represent wave vector and the attenuation of wave inside the solid
Where

respectively [68]. From Eq. 1.21 and Eq. 1.22,

q̂ 2 = µ

ω2
4πσ
(
+
i
)
c2
ω

and, in terms of complex refractive index (with attenuation),

ω
ω
q̂ = ( )n̂ = ( )(n + ik)
c
c
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(1.23)

q̂ can be expressed as,
(1.24)

Here

n

is the index of refraction and

k

is the extinction coecient. Substituting Eq. 1.24 in

Eq. 1.22 and dening the absorption coecient (α) as fractional change in intensity, we get

α=−

1 dE 2
= 2ωk/c = 4πk/λ
E 2 dr

Also from Eq. 1.23 and Eq. 1.24, and dening complex dielectric function

(1.25)

ˆ as re + iim ,

we

get the famous Kramers-Kronig dispersion relation [69] as,

re = (n2 − k 2 )/µ

(1.26)

im = 2nk/µ = 4πσ/ω

(1.27)

Considering the behavior of conduction band electrons as quasi-free particles, the dielectric
response of these electrons in incident oscillating electromagnetic eld of frequency

ω

is well

described by Drude model [53] as,

ωp2
ωp2 .τ
(ω) = re (ω) + i.im (ω) = core − 2
+ i.
ω + τ2
ω.(ω 2 + τ 2 )
where,

ωp

and

τ

(1.28)

are plasma frequency and collision (damping) frequency respectively.

Also, the plasma frequency,

ωp =

p
4πN e2 /(m∗ core )

which is a characteristic frequency at

which the material changes from a metallic to dielectric, depends on the volume density of
conduction electrons (N ), the electronic charge(e), the dielectric constant in vacuum (core )

∗
and the 'eective mass' of the electrons (m ) [32]. It should be noted that the real part of
dielectric function at plasma frequency vanishes. The condition for the existence for plasma
2 2
frequency is

core >

4πne τ
m∗

.

A band diagram for the noble metals are shown in Figure

1.5. Since d bands lie well below the Fermi level, at low energy, only intraband transition
of "conduction electrons" are possible.

The medium-brown color arrow in the left shows

transition of d band electrons to conduction band formed by hybridized outer s and p band.
The red arrow in left and right show for intra-band transition. When the photon energy is
lower than the Debye energy (~ωD ), a simultaneous absorption of a phonon occurs to satisfy
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momentum conservation as shown in right arrows.

On the left side, the absorption of a

photon results in either absorption or emission of a phonon.
The reectivity of solids at normal incidence is

(n − 1)2 + k 2
(n + 1)2 + k 2

R=

(1.29)

Also, the intensity of light in absorbing media after traversing the distance

x

is

I = I0 (1 − R)e−αx
α

where

(1.30)

is absorption coecient.

1.1.2 Optical properties of nonlinear optical medium
The concept of nonlinear optics was rst introduced when the second harmonic generation
(SHG) was discovered by Franken et.

al.

in 1961 [70].

At high intensity, light-matter

interaction led the changes in the macroscopic properties (polarization, reection, absorption
and susceptibility) as a function of interacting intensity. The nonlinear response of an optical
medium can be described by the power series expansion of the polarization of the medium
in terms of the incident electric eld. The propagation of electromagnetic wave and electric
eld (

E) dependent polarization (P) of a nonlinear system can be expressed as [67]
µ ∂ 2 E
4π ∂ P
∇ E− 2 2 = 2
c ∂t
c ∂t
2

(1)

(1)

(2)

(3)

(1.31)

(4)

P = 0 χE E + PNL = 0 (χE E + χEE EE + χEEE EEE + χEEEE EEEE + ...)
where,

χ(i) (i=1,2,3...)

is the

ith

order susceptibility and is described by

(1.32)

(i + 1)th

rank

tensor. However, for homogeneous and isotropic materials such as noble metals, they can be
expressed in terms of scalar quantities.
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Second-order nonlinear process
For the incident electromagnetic eld consisting of two superimposed monochromatic waves,
the electric eld is expressed [71] as

E = E1 eiω1 t + E2 eiω2 t + cc
Here,

ω1

and

ω2

(1.33)

are frequencies of two interacting waves. In nonlinear wave mixing, more

than one nonlinear processes present in the light-matter interaction simultaneously. However,
the desired nonlinear signal can be enhanced by decreasing the other nonlinear processes
through phase matching condition in nonlinear polarization.

The second-order nonlinear

optical processes in terms of polarization are described as follows:

•

second harmonic generation (SHG): photons with the same frequency interact to
generate a new photon with twice the energy of incident photons

(2)

P(2) (2ω1 ) = 0 χE1 E1 E1 E1

(1.34)

(2)

P(2) (2ω2 ) = 0 χE2 E2 E2 E2
•

(1.35)

sum frequency generation (SFG): photons with dierent frequencies annihilate to
produce the third photon

(2)

P(2) (ω1 + ω2 ) = 20 χE1 E2 E1 E2

•

dierence frequency generation (DFG):

photons

(1.36)

with

dierent

frequencies

annihilates in conjugation way. Unlike other process, it produces photons with a new
frequency as well as fundamental frequencies. One of the examples is optical parametric
amplication (OPA).

(2)

P(2) (ω1 − ω2 ) = 20 χE2 E2∗ E1 E∗2
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(1.37)

•

optical rectication (OR): quasi-static polarization
(2)

P(2) (ω1 − ω2 ) = 20 χE1 E2 (E1 E∗1 + E2 E∗2 )

(1.38)

Third order nonlinear process
In general, the third-order nonlinear process is a four-wave mixing process where three
waves mix and generate a fourth wave at the same time. In this process, we can observe
several nonlinear processes like THG, SFSHG, DFSHG, DFSFG, and NFG. Here I focus on
the intensity-dependent refractive index and nonlinear absorption (two-photon absorption
process) process, which is the technique used in this dissertation work. Within the dipolar
approximation for centrosymmetric material, the second-order process vanishes and hence,

(1)

(3)

 = 0 [χE + 3χEEE |E|2 ]

(1.39)

n = n0 + n2 I

(1.40)

or

Here

n2

is dened in terms of sum of the real part of the third order electronic susceptibilities

χ(3) (−ω : ω, ω, −ω) + χ(3) (−ω : ω, −ω, ω) + χ(3) (−ω : −ω, ω, ω).

The schematic of transition

between ground state and excited state is shown in Figure 1.6.
The intensity dependent process which is ultrafast leads to many important phenomena
required for all-optical signal processing. They are

•

Self phase modulation (SPM):

Due to varying refractive index with intensity,

φ = (n0 +
2π
n2 I).Lef f . . Self phase modulation produces a nonlinear phase shift of φSP M =
λ
2π
n2 I.Lef f . . This eect can be observed by spectral broadening/optical soliton.
λ
ultrafast pulses traversing the medium produces the phase shift of

•

Cross phase modulation (XPM):

When two or more signals having dierent

frequencies are transmitted simultaneously from optical media, the nonlinear phase
evolution of the one signal depends also on the intensity of the other signals which
is called cross phase modulation.

The nonlinear phase shift of signal A is given

18

Figure 1.5:

Figure 1.6:

Schematic band diagram for a noble metal.

Schematic
(3)

of

transition

ω, −ω, ω)andχ (−ω : −ω, ω, ω)

diagrams

for

~ωD

χ(3) (−ω : ω, ω, −ω), χ(3) (−ω :

respectively (from left to right)
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is Debye energy.

by

B
φA
XP M = n2 I .Lef f .

2π
,
λ

where

IB

is the intensity of the signal B. It gives to

pulse compression of ultrafast pulses and has application in quantum nondemolition
measurement, optical demultiplexing, wavelength conversion amongst others.

1.1.3 Linear and Nonlinear magneto-optical medium
The well-known magneto-optical eects like Kerr rotation in reection mode and Faraday
rotation in transmission mode arise due to magnetization of the medium where time reversal
symmetry breaks. The dielectric permittivity of a material system in magnetic eld (due to
ferromagnetic material or due to external magnetic eld) can be expressed [67] as



0

0

0



xx
xy + igz xz − igy



0
0
0
 = xy − igz
yy
yz + igx 


0
0
0
xz + igy yz − igx
zz
Then the relation between displacement eld and electric eld can equivalently be
expressed as,

D = E =  E + iE × g
0

Here

(1.41)

g is pseudo vector called gyration vector and can be expressed as
g = 0 χM H

where

χM

(1.42)

is magneto-optical susceptibility of the medium. Inserting the equation 1.41 in

plane wave equation (obtained using vector identity in Maxwell's equations),

∇×∇×E=−

1 ∂ 2D
c2 ∂t2

(1.43)

Then the wave equation becomes

n2 [ê − q̂(q̂.ê)] − n20 ê + i(ê × g) = 0

20

(1.44)

or,

(q̂ ±
With complex propagation vector

q̂

= (

g
2n0

ω
)
c

)2 = n20

n̂,

(1.45)

The refractive indices with right and left

circularly polarized light is nally expressed as

n2± = n20 ± g

(1.46)

In linear regime, the polarization rotation of linearly polarized light is expressed [67] as,

θF =

ωL
[n− − n+ ]
2c

(1.47)

For a photoinduced process, where the refractive indices are dependent on the intensity of
incident light, following equation 1.40, the right and left refractive indices can be expressed
as,

ñ+ = n+ + n2+ I
θ̃F =

Here

θN L = θ2 I

and

ñ− = n− + n2− I .

Then, polarization angle becomes,

ωL
ωL
[ñ− − ñ+ ] =
[∆n + ∆n2 I] = θF + θ2 I = θF + θN L
2c
2c

(1.48)

is photo induced modication of rotation angle. This is the phenomenological

consideration and can be derived by microscopic quantum mechanical consideration.

For

the medium without magnetic eld, the relation between polarization of media with incident
electric eld and magnetic eld from electromagnetic wave can be expressed as

(1)

(1)

(2)

(2)

(3)

(3)

(4)

P = 0 (χE E + χE 0 Ḃ + χEE EE + χE 0 E 0 EḂ + χEEE EEE + χE 0 E 0 E 0 EEḂ + χEEEE EEEE + ...)
(1.49)
and with applied magnetic eld

(1)

(2)

(2)

H,
(3)

(3)

(4)

(4)

P = 0 (χE E+χEE EE+χEH EH+χEEE EEE+χEEH EEH+χEEEE EEEE+χEEEH EEEH...)
(1.50)
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1.1.4 Nonlinearity at telecommunication wavelengths
All-optical signal processing is one of the eective ways to overcome the physical limits
of electronics (where the data transfer is limited by mobility of electrons) in telecommunications.
Therefore,

However,

the linear optics doesn't allow for light to light alteration.

large and ultrafast optical and magneto-optical nonlinearity is very much

desired for optical communication functionalities like all-optical switching, optical isolation,
pulse limiting, multiplexing, demultiplexing, high sensitive magnetometry and quantum
information processing [72, 73, 74, 75, 76, 77, 78, 79, 80, 81].

The wavelength-dependent

optical and magneto-optical properties of metal nanostructures are an area of active
research due to a variety of potential applications. One area of particular interest is their
nonlinear optical (NLO) and nonlinear magneto-optical (NLMO) properties at or near the
telecommunication wavelengths (such as between 1530 nm -1570 nm ), that result from
utilizing suitably engineered materials design [82, 83, 84].

Silicon has been considered to

be a promising material for all-optical logic at telecommunication wavelength due to its
linear optical transparency and a large nonlinear refractive index of

n2

= 4×10

−5

2
cm /GW.

However, its ultimate performance is limited by a weak nonlinear gure of merit of
dened by

F =

n2
, where
βλ

of the incident light [85].
to the very high

n2

β

is the nonlinear absorption coecient and

λ

F = 0.35

is the wavelength

Graphene has also been regarded as a promising material due

2
of 102 cm /GW at the telecommunication wavelength.

However,

it is unlikely to address the current demand of high-performance optical devices due to
the challenges with making high-quality graphene for mass production as well as its zero
bandgap which results in broadband optical absorption [86].

Many other 2D materials

have been proposed for all-optical devices, including hexagonal boron nitride (h-BN), metal
oxides, perovskites and metal dichalcogenides [87, 88, 89, 90, 91, 92, 93, 94].

Despite

exciting advances, outstanding challenges remain in the large-area-growth of low defect
materials along with intrinsic materials limitations, such as a Faraday rotation limited by
the cyclotron frequency of the system.

The current state-of-the-art in the eld of strong

Faraday rotators at telecommunication wavelengths are based on linear response of bulk
synthetic materials and solely driven by yttrium iron garnet (YIG) [95]. Nonlinear Faraday
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properties have been generally investigated for cold atoms and atomic vapors at or near
the laser wavelengths (energies) of their hyperne transition energies regions, and for some
dilute magnetic semiconductors like CdMnTe at or near their optical band gap energies,
which are far from the telecommunication wavelength [80, 96, 97].

To the best of our

knowledge, the nonlinear Faraday process has not been studied on any material systems
at or near the telecommunication wavelengths. Partially motivated by these limitations and
the many unusual plasmonic and magneto-plasmonic properties of metallic nanostructures
that have been discovered recently, there is continuing interest among the nonlinear optics
and magneto-optics community to explore plasmonic nanostructures at the important 1550
nm [98, 99, 100, 101, 102].

1.2

Synthesis of plasmonic nanostructures

There are many techniques used in synthesis of plasmonic nanostructures.

Based on

fundamental methodologies, these can be categorized into two- (i) Bottom-up approach and
(ii)Top-down approach.

Bottom-up approach
Bottom-up approach is a spontaneous organization in which pattern formation occurs due to
the system approaching equilibrium due to reduction in free energy. On surfaces, the methods
for bottom-up approach are generally chemical synthesis, self-assembly and self-organization
methods.

•

Chemical synthesis:

It is an old, simple and cost-eective route for nanostructure

synthesis compared to lithography. The basic mechanism involving these techniques
is to start from metal-containing complexes which are dissolved in solvent. The metal
ions are reduced into neutral metal atoms by reducing agents contained in the solvent.
Then, metal nuclei form as the reaction progresses. The size of the nuclei is determined
by the amount and concentration of reducing agent while the stability is maintained
by using capping agents.

For example, spherical Ag nanoparticles can be obtained
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by reduction of AgNO3 using ascorbic acid as reducing agent and citrate as stabilizer
[103].

•

Self-assembly:

Self-assembly is a simple and cost-eective method for producing an

ensemble of nanoparticles [8].

Self-assembly is spontaneous process.

This method

is also possible for producing directionality and long-range ordering in ensembles by
controlling the alignment of nanoparticles [104, 105]. A schematic and SEM image of
the self-assembly process is shown in Figure 1.7. In this process, rst, capped metal
nanoparticles are dissolved in an organic solvent. As the solvent evaporates, capped
nanoparticles are brought together due to intermolecular forces.

•

Self-organization:

Self-organization is also an inexpensive method compared to

lithography techniques.

Examples of self-organization processes are pulsed laser

melting/dewetting of thin lms.

Melted metal lms self-organize into nanoparticles

without external driving forces [106]. Self-organization is a non-equilibrium process.
The structures of Ag thin lm showing self-organization processes is shown in Figure
1.8.

Top-down approach
Top-down approach is lithography techniques where resists and masks are used to dene
patterns. It generally begins with a pattern generated on a larger scale and then reduced to
nanoscale.

•

Photolithography

The most used top-down approach is photolithography.

In this

process, light is used to transfer a geometric pattern to a photosensitive chemical
photoresist on the substrate. The schematic process of photolithography is shown in
Figure 1.9.

•

Electron beam lithography

In this process, the energetics electrons are used to

draw required shapes on a surface which covered with electron-resist [107]. Here the
electron beam changes the solubility of the resist through the mask which enables the
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Figure 1.7:

(Left)Schematic image showing the organization of nanoparticles in chains, 2D

sheets and 3D structures.

(Right) Scanning electron microscope images of self-assembled

gold nano rods into chain and side-to-side aggregated bundles.

The scale bar is 100 nm.

Image from [8, 9]. Copyright [8, 9]

Figure 1.8:

The evolution of morphologies after pulsed laser-induced spontaneous dewetting

and self-organization of an thin Ag metal lm on SiO2 substrates: irradiation with laser of
T(left) 10 pulses (middle) 1,000 pulses, (right) 10,000 pulses. Image from [10]
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Figure 1.9:

Photolithographic

coated onto a at substrate.

process:

photoresist

solution

(generally

polymer)

is

Then this photoresist is exposed to light through a mask.

The photoresist undergoes a chemical reaction induced by light.

In the case of a

positive photoresist, the irradiated parts break down and become more soluble than the
unexposed regions.

In a negative photoresist, light-induced photochemical crosslinking of

the photoresist, which renders the exposed regions insoluble in the developer. Image from
[11]. Copyright [11]
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removal of either exposed or unexposed parts depending on whether the resistor is
positive or negative respectively.

•

Ion-beam lithography

Like electron beam lithography uses electrons and pho-

tolithography uses photons, in ion-beam lithography, the energetic ions are used to
fabricate custom nanostructures. Generally, Gallium ions are used due to their large
atomic mass which enhances the eect of sputtering.

•

Nanosphere lithography

Nanosphere lithography is an inexpensive fabrication

technique compared to other lithography techniques.

It creates hexagonal and

controlled nanopyramidal of dierent sizes. In this process, rst, the mask is prepared
on the desired surface which is a monolayer of polystyrene beads. Second, the desired
metal is deposited onto masked substrates. Finally, the hexagonal arrays of metallic
nanopyramidal structures are obtained by chemical etch out (generally, sonication in
ethanol) of polystyrene beads. A schematic of the procedure is shown in Figure 1.10.

1.3

Scope of this dissertation work

This dissertation work resulted in a discovery of a model system which exhibits an
extraordinarily large nonlinear optical and magneto-optical eects at the telecommunication
wavelength of 1550 nm.

About three orders larger in nonlinear refractive index and four

orders larger in nonlinear gure of merit than typically reported for metallic nanoparticles as
well as six orders larger in magneto-optical susceptibility than dilute magnetic semiconductor
at the telecommunication wavelength of 1550 nm was observed [83, 96, 108, 109, 110]. This
discovery is unique because it is the rst demonstration of a single material exhibiting
such a combination of enormous nonlinear optical and magneto-optical eects.

Detailed

experimental studies using optical and electron energy-loss studies via scanning transmission
electron microscopy established the eect that the behaviors are mediated by matching of two
photon resonance conditions and a synergistic behavior between Fe and Ag nanopyramids
arising via plasmonic eects.

The direct consequence of this discovery could be to

revolutionize external eld control of plasmon-spin-photon interaction from a single system
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and its optimization for all-optical, magneto-optical and quantum information processing.
Aside from this work, the analysis of linear optical properties from bimetallic nanoparticles
and a work demonstrating a mechanism showing a tunable optical response from plasmonic
nanoparticles on plasmonically passive substrates will also be discussed. The experimental
data collected from state-of-the-art electron microscopes as well as nonlinear spectroscopies
used in this work were used to discuss the results and draw conclusions.
Plasmonic or hybrid-plasmonic nanostructures exhibit interesting linear optical/magnetooptical properties [111, 112, 113]. These properties are suitable for various applications such
as sensing, energy harvesting, optical/magneto-optical communication, catalysis amongst
others [4, 114, 115, 116, 117].

These applications are based on resonant interaction of

incident electromagnetic elds (either from photons or swift electrons) with free electron
gas of the nanostructures called surface plasmon resonance (SPR). When nanostructure size
is comparable to or smaller than wavelength of light, the free electron gas on the surface
of nanostructures exhibit locally conned oscillation and the specic oscillation frequency is
called localized surface plasmon resonance (LSPR) frequency. In case of plasmonic metals
also called noble metals (Ag, Au, Cu), LSPR can be tuned from visible to near infra-red
region either by changing the nanostructures geometry or by altering dielectric environment.
Also, in order to tune plasmon mediated optical and magneto-optical properties, noble metals
have been integrated with other materials like Fe, Co, Ni, which have also shown to exhibit
improved activity and stability [22, 23]. To shed further light on enhanced LSPR behavior
from bimetallic nanoparticles reported previously [23], this dissertation work details the
analysis of CoAg bimetallic nanoparticles with better energy (0.15 eV) and spatial (1.8 Å)
resolution obtained for the nanoparticles with a higher degree of crystallinity. With those
improved experimentation, we reported the direct detection of the interface

localized

surface

plasmons in bimetallic interface which was suggested (theoretically) to exist about sixty
years ago [31, 118].
Another important eld of study in plasmonics is active plasmonics which modulates the
LSPR characteristics such as resonance wavelength and intensity in a fast time scale. In noble
(plasmonic) metal nanostructures, this can be achieved by changing the dielectric properties,
modifying the charge carrier density, and spacing between the nanoscale materials.
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For

example, the refractive indices of dye molecules have been altered within the time scale
of a few seconds under exposure by a HeCd laser with subsequent LSPR shift from the
supporting Au nanorods of

∼ 20 nm in the visible wavelength [119].

Phase-change materials

like Germanium Antimony Telluride (Ge3 Sb2 Te6) have shown to oer reversible refractive
index response to femtosecond pulsed laser heating with

∼ 1000

nm shift in the resonance

wavelength in the mid-infrared regime, as seen with Au or Al plasmonics rods [120, 121].
Changing the gap between nearby plasmonic nanoparticles has been demonstrated with
negatively charged Au nanoparticles covered with bis(p- sulfonatophenyl)-phenylphosphine
and plasmonic shifts of

∼ 50

nm in visible range have been achieved in the time scale of a

few seconds [122]. Graphene has recently been realized as a tunable plasmonic media due
to electrically-controllable charged carrier density but appears to be limited to switching in
the millisecond to second time scales due to RC phase delay [123]. The common nature of
these previously reported research works is that the modulation of LSPR was obtained either
by changing the dielectric environment or interacting with active dielectric substrate. The
modern LSPR based sensor could demand the plasmonic nanoparticles with modulating
LSPR properties in plasmonically passive substrates like quartz to detect the maximum
sensitivity of the interacting system in desired wavelength in ultrafast response time. This
dissertation work has presented the rst time the

reversible

plasmonic resonance properties

on plasmonically passive substrate (fused quartz) based on contact angle tuning of Ag metal
nanoparticles with heating from nano-second laser pulses.
While linear optical properties of plasmonic nanostructures have been investigated for a
long time in great detail, in recent years, their responses in nonlinear domains are of particular
interest. [124, 125, 126, 127, 128]. It is because nonlinear behaviors of a material system
driven by plasmonic properties could overcome the limitation observed in photonic and
nanoelectronic materials. Particularly, the plasmonic materials could process optical signals
in ultra-fast response time unlike in photonic materials which are limited by diraction
of light and in nanoelectronic which are limited by mobility of electrons.

However, the

plasmonic materials exhibiting exciting nonlinear optical properties in important wavelengths
such as telecommunication wavelength (1530 nm - 1570 nm) has rarely been reported [129].
Carefully engineered plasmonic metal nanostructures with strong nonlinear optical properties
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in desired wavelengths could provide a fascinating platform opening up the application in
all-optical communication. Mediated by plasmon induced near eld connement, nonlinear
plasmonic nanomaterials possess ability to process signals at high speed fullling demand
for high-data-rates,

broader bandwidths,

low power consumption,

and denser on-chip

integrability in telecommunication wavelengths [130, 131, 132, 133]. In addition, the current
research has paid much attention to induce optical nonlinearity and optically generate spin
waves via interaction of resonant plasmonic materials with ferromagnetic material arising
from inverse Faraday eect [134, 135, 136]. These materials possess ability to produce ultrashort magnetic eld pulses near their vicinity. However, if one nds a nanomaterial system
exhibiting

simultaneous

enormous nonlinear optical and nonlinear Faraday properties and

mediated by plasmonics, it opens up an avenue for ultra-fast optical switching of nonlinear
magnetism in nanometer scale.

This material could also possess unparalleled ability to

process complex magneto-optical signals necessity for more ecient quantum computing
circuits as it oers both phase and polarization degrees of freedom.

To the best of our

knowledge, such material/s have never been reported. Initially motivated by this concept,
based on the result and analysis of this dissertation work, we now oer a model system of
extraordinarily large nonlinear optical and nonlinear Faraday properties from bimetallic nano
arrays mediated by plasmonic eects (evaluated by STEM-EELS) at the telecommunication
wavelength of 1550 nm.

These observed eects on a single system could also contribute

fundamentally in the eld of new techniques which provide a bridge for the burgeoning elds
of nonlinear plasmonics and nonlinear spintronics at technologically important wavelengths.

1.4

Outline of this dissertation

In order to understand the linear and nonlinear properties of plasmonic nanostructures, a
systematic evaluation of plasmonic nanostructures by means of photons and electrons sources
is performed.
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Chapter 2: Experimental methods and techniques
In this chapter, I describe the various experimental methods and characterization techniques
with a brief information of the instruments used, employed for the research tasks performed
for this dissertation work.

Chapter 3: Detection of localized plasmons in interfaces from bimetallic
nanoparticles by STEM-EELS
This chapter covers the observation of localized plasmons in the interface of bimetallic
nanostructures.

The excitation of those types of plasmonic nanostructures by means

of optical sources and electrons beam and their eect on the observed properties will
be discussed.

In a previous study,

our group reported an observation of electron-

energy loss peak when a monochromatic electron beam passes near the Co side of CoAg
bimetallic nanoparticles.
of ferroplasmons [23].

This electron-energy loss behavior was attributed to excitation
However, the origin of such plasmons was not determined to our

satisfaction. The primary reason was due to insucient spatial and energy resolution of the
instruments. In this work, we present a detailed analysis of CoAg bimetallic nanoparticles
with better energy (0.15 eV) and spatial (1.8 Å ) resolution obtained for nanoparticles
with a higher degree of crystallinity. With these improved experimental conditions, we now
report the observation of localized interface plasmons from metal-metal interfaces in CoAg
bimetallic nanoparticles by means of scanning transmission electron microscopy - electron
energy-loss spectroscopy (STEM-EELS).

Chapter 4: Switchable LSPR by resettable contact angle in nanostructure
In this work, we introduce a new approach to reversible switching of plasmonic behavior
in the UV-visible regime within nanosecond timescales through contact angle tuning of
silver nanoparticles.

Our idea relies on the change in resonance wavelength and intensity

of the dipolar and quadrupolar plasmonic modes when nanoparticles change their contact
area and volume fraction within a dielectric.

Using the dynamic form of the Maxwell-

Garnett (M-G) eective medium theory [137], we rst show that changing an array of
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Ag nanoparticles between spherical to hemispherical shape, while keeping the individual
nanoparticle volume conserved leads to a substantial shift in the resonance wavelengths and
intensities.

Specically, the plasmonic resonance wavelengths redshift while the intensity

ratio of the quadrupole to dipole resonances decreases in going from the spherical to
hemispherical shape.

The magnitude of these changes depends upon the particle size

and volume fraction in the dielectric media consisting of the quartz contact surface and
surrounding air. Recently, it was experimentally demonstrated by Prasad et al [138] that
it is possible to change the contact angle of Ag nanoparticles by nanosecond pulsed laser
irradiation in various uid ambient like air, water, and glycerol. Here, we have used a glycerol
environment to rst synthesize near-spherical shaped Ag nanoparticle arrays using UV pulsed
laser irradiation. Subsequent irradiation in air produced near-hemispherical particle arrays
and resulting changes in the optical plasmonic behavior.

We have also investigated the

resetting behavior and the ability to switch between the two states over multiple cycles. We
begin rst by presenting the key ideas based on the dynamic M-G theory. This is followed
by details of the experimental technique and subsequently the detailed results, analysis and
conclusions.

Chapter 5: Nonlinear optical and magneto-optical properties in bimetallic arrays
This chapter covers the nonlinear optical and magneto-optical properties of Fe-Ag nanostructures in telecommunication wavelength of 1550 nm. We will discuss the observation of
giant nonlinearity in those nanostructures and potential origin. There is a pressing need to
discover magneto-optical materials and devices with better performance and lower cost that
operate at telecommunication wavelengths. Here we report the discovery of giant negative
nonlinear refraction and nonlinear Faraday rotation at 1550 nm using an array of bimetallic
Fe-Ag nanopyramids.

This system exhibited a very large third-order nonlinear refractive

2
index (n2 = -2.32 cm /GW) and nonlinear gure of merit (F = 2.3).

The same system

4
also exhibited an extraordinarily large magneto-optical susceptibility (χi = 6.5

×

1 0

−12

esu) and photoinduced nonlinear Faraday rotation of up to 2.5 radian/µm at a magnetic
eld of 0.5 T. The nonlinear response was dependent on the degree of overlap of the Fe
nanopyramid on the Ag nanopyramid which inuences the strength of plasmon-induced
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dipoles on the Ag nanopyramid. This nanoscale system opens up a rich new set of possibilities
in utilizing magneto-plasmonic materials to miniaturize future multifunctional devices at
telecommunication wavelengths.

Chapter 6: Conclusions and future work
A summary of this dissertation work and potential direction of future work pertaining to
optical and magneto-optical plasmonic structures is discussed.
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Figure 1.10:

Schematic of nanosphere lithography process.

Copyright [12]
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Image taken from [12].

Chapter 2
Experimental methods and techniques
In this study I used a number of synthesis and characterization methods.

The synthesis

methods are discussed in subsection 2.1 while characterization methods are discussed in
subsection 2.2.

2.1

Synthesis

2.1.1 Sample preparation
Thin lm deposition
The substrates for Ag lms deposition were prepared by cutting fused quartz and SiO2 /Si
substrates into the size of 5 mm

×

5 mm. The substrates were then sonicated in acetone,

ethanol and deionized (DI) water. The substrates were then dried with nitrogen gas.
Thin lms were deposited by the electron-beam (e-beam) evaporation technique. This
is a well-established technique for depositing lms of varying thicknesses in vacuum. First,
target materials (in the form of nuggets or ingots ) are placed inside crucibles, which are then
heated by means of a current passed through a lament placed very close to the crucible. In
fact, the electrons emitted due to high voltage between the lament and the hearth collides
with the target material and causes them to evaporate or sublime. The deposition will take
place inside a vacuum chamber at a base pressure.
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For this dissertation work, I deposited Ag thin lms of 2 nm to 20 nm onto quartz
substrates using electron beam evaporator; a Mantis QUAD-EV-HP e-beam source was used.
The Mantis QUAD-EV-HP e-beam evaporator is shown in Figure 2.1(a) and the schematic
of evaporating technique is shown as in Figure 2.1(b). The base pressure of 1

×10−8

Torr

and room-temperature conditions were used for deposition. The typical deposition rate was
4 nm/min under this condition. The deposition rate was periodically calibrated using atomic
force microscopy imaging for dierent vacuum pressures and ux currents.

Nanosphere lithography (NSL)
The substrates for NSL preparation were quartz, glassy carbon and Silicon Nitride membrane
window TEM grids. The quartz wafers were cut into pieces of 5 mm

×

5mm and sonicated

in a 5:1:1 volume ratio mixture of ammonium hydroxide, DI water and hydrogen peroxide
for 15 minutes followed by DI water for 5 minutes. The sonication of this mixture of solution
enhances the hydrophilic nature of the quartz substrates.
The NSL mask preparation was performed as described in Prasad et al. [13]. The steps
of mask preparation method is shown in Figure 2.2 . First a microdroplet of volume 50

µL

with 1:7 by volume ratio of polystyrene beads (500 nm diameter) solution (in water) and
ethanol was prepared in a cuvette. Then, deionized water was dropped gradually along the

2
edge of a clean petri-dish using a dropper until the dry circular area of approximately 1 cm
with three phase contact line of air, petri dish glass and water were achieved.
Then microdroplet of PS beads+ethanol was transformed into a dry region of the petri
dish.

As this droplet has less surface energy than petri dish glass, it spreads into a thin

uid layer.

Once the thin layer comes contact into water layer, the convective uid ow

occurs from thin uid layer to water layer owing to Marangoni eect [water surface energy
is higher than ethanol]. Due to the hydrophilic nature of PS bead and convective uid ow,
the PS beads oat on the water layer in the monolayer form. Then a 0.02 % (v/v) solution
of triton-X in DI water was added to compact the polystyrene beads. The polystyrene bead
was then transferred onto the quartz substrates. For TEM sample preparation, the method
described by Malasi et al. [14] was employed. The schematic of the technique is shown in
Figure 2.3.
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Figure 2.1:

(a) Mantis QUAD-EV-HP e-beam evaporator (b)schematic diagram for e-beam

evaporator.

Figure 2.2:

(a) NSL mask preparation method. Image taken from [13]. Copyright [13]
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Figure 2.3:

The schematic showing the major steps for the TEM sample preparation. (a)

NSL template formation.

(b) Fabrication of nanostructures and (c) Float-o the carbon

substrate with metal nanostructures on the water surface which is then captured on the
TEM grid by draining the water. Image taken from [14]. Copyright [14]

38

Later, metal vapors were used to deposit on the substrates through the interstices of the
ordered beads. To fabricate Fe-Ag partially overlapped nanopyramidal structures, we rst
deposit Ag metal vapor at an angle of

5◦ (175◦ )

o to the normal of the masked substrate.

Then Fe metal vapors are deposited on the substrate at an angle of

5◦ (185◦

degrees) o to

the normal of the masked substrate so that the partial overlap of the Fe and Ag triangles
are achieved.

2.1.2 Thin lm dewetting by nanosecond pulsed laser irradiation
Quanta-Ray Pro-Series Nd:YAG LASER system was used to irradiate the thin Ag lm.
Typically, I used 266 nm wavelength, 9 ns pulse width and 50 Hz repetition rate at normal
incidence by unfocused linearly polarized laser beam with area 1 mm
uency. The water droplet of 100

µL

× 1mm at the required

was placed on the top of a thin lm surface and was

2
irradiated with a single pulse with laser uency of 100 mJ/cm . The schematic set up of
pulsed laser irradiation of Ag thin lms is shown in Figure 2.4. After irradiation the samples
were dried for optical and microscopy characterizations.

2.2

Characterization

2.2.1 Scanning electron microscopy
Surface morphology and contact angle behavior of nanoparticles were characterized using
the scanning electron microscopy. I used ZEISS Merlin SEM instrument at an accelerating
voltage of 2 kV to 10 kV. The plan view morphology of nanoparticles was used to determine
diameters while the side view morphology was used to determine the contact angles of
nanoparticles.

The Figure 2.5 shows the plan view and side view morphology of the

nanoparticles synthesize in glycerol and air. The details about calculating the contact angles
from SEM images are described by Prasad et al [138].
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Figure 2.4:

(a) Schematic experimental set up of pulsed laser irradiation of Ag thin lms

Figure 2.5:

SEM image of (a) plan view and (b) side view of Ag nanoparticles formed from
2
Ag thin lm under glycerol by irradiating the Ag lm at laser uency of 100 mJ/cm for 60
pulses; SEM image of (c) plan view and (d) side view of Ag nanoparticles formed from Ag
2
thin lm in air by irradiating the Ag lm at laser uency of 100 mJ/cm for 60 pulses (scale
bar is 200 nm)
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SEM image analysis
SEM images of Ag nanoparticles for size distribution, diameters and spacing were analyzed
using ImageJ-NIH software [139].

SEM image of Ag nanoparticles with 512

×512

pixel

resolution and its fast Fourier transform (FFT) images are shown in inset of Figure 2.6(a).
To nd the length scale by quantifying the FFT image; rst, the wavenumber (K) of FFT is
calculated by ((2π R/512)/length(nm) of a unit pixel) is determined. Then, average distance
between neighboring nanoparticles is calculated using the relation

Γ = 2π/K .

To determine

the size of the particles, rst the image was converted into binary format and appropriate
threshold was used to get the solid black particles and white background as in Figure 2.7.
Then the area of each particle was determined by ImgeJ and later the area was converted
into diameter of the particles.

2.2.2 Atomic force microscopy
Thickness, surface roughness of thin lms and height of metallic nanostructures were studied
by using Asylum MFP3D Atomic Force Microscopy in standard AC mode in air. In AC mode,
the cantilever is oscillated mechanically by a piezoelectric actuator. The name AC mode
comes from the tip oscillation like that of AC current. The line scan was used to analyze
the image using Gwyddion image analysis software [140].

The AFM images showing the

nanopyramid height is shown in Figure 2.8.

2.2.3 Transmission electron microscopy
The transmission electron microscopy methods is a powerful tools to study the material
structural and chemical properties.

This involves many techniques such as selected area

electron diraction (SAED), high resolution transmission electron microscopy (HRTEM),
electron energy loss spectroscopy (EELS) amongst others. In SAED, the sample is subjected
to parallel beams unlike in convergent beam electron diraction (CBED-diraction from very
small region).

SAED pattern originates when constructive interference of the coherently

scattered electron waves by the specimen occurs. This is achieved by inserting an aperture
at the image plane of the objective lens. It is recommended to use the condenser aperture
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Figure 2.6:

(a)SEM image of Ag nanoparticles of size 512×512 pixels: top and bottom

insets show the FFT image with 2D and 3D views (b) Line prole of FFT image

Figure 2.7:

(a)Original SEM image (b) image after band-pass ltering (c) image after

binary formatting. Size is 512×512 pixels
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(Kohler illumination) to dene the eld of illumination which gives more precision of the
selected area.

Each spots in SAED pattern satisfy diraction condition.

SAED pattern

provides several information about material properties such as material phases, orientations
of crystals, crystal defect density, poly-crystallinity, amorphousity etc. An HRTEM image
also called phase contrast images is produced by an interference pattern of the electron
wavefunction with itself after it is diracted from the specimen.

This image is useful

to understand the atomic structures and can be interpreted with fast Fourier transform
(FFT) analysis.

EELS is an advance TEM technique where analysis of monoenergetic

electrons are done after interaction of them with specimen.

This technique can be used

to extract the information of material systems about atomic composition, chemical bonding,
electronic properties, surface properties, pair distance distribution functions and excitation
energy of surface plasmons amongst others [32]. Cathodoluminescence is an electromagnetic
phenomena in which electrons incident on a material cause the emission of photons.

It

can be used to map the local density of states of photonic nanocrystals and plasmonic
nanomaterials [141]. In this thesis work, I have used Libra 200 MC Microscope. In order to
image the quality and crystallinity of nanostructures, the imaging at acceleration voltage of
200 keV was performed. The imaging was performed at low magnication (31 K) as well as
high magnication (630 K). The imaging of gold nanoislands sputtered on Carbon substrates
at dierent magnication obtained to calibrate the magnications are shown in Figure 2.9.

Electron energy-loss spectroscopy (EELS)
EELS in STEM mode was performed in Libra 200 MC Microscope.

It has ve dierent

dispersions namely 0.025, 0.05, 0.1, 0.25 and 0.4 eV/channel which corresponds to energy
range of about 60, 120, 240 550 and 2000 eV respectively.

The energy resolution of the

spectrum is determined by using dierent monochromator (MCR) slits (0.5
60µm ). In our experiments, we have used MCR slits of 0.5

µm, 3 µm, 5µm,

µm which gives energy resolution

upto 0.10 eV. The software used for spectra acquisition is the Digital Micrograph from Gatan,
Inc. In the low-loss spectrum in EELS, the information about optical properties of material
particularly plasmons excitation were extracted.

For this dissertation work, we measured

the low-loss spectrum of Ag, Co-Ag and Fe-Ag nanostructures to get the information about
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Figure 2.8:

(a) 2D view and (b) 3D view of atomic force microscopy image of Fe-Ag

nanopyramidal hexagonal arrays

Figure 2.9:

TEM micrographs of Gold islands at magnication of (a) 31 K (b) 250 K

(c) 430 K (d) 630 K; Bottom image - Au <111> surface showing intensity prole.
measurement here shows the average Au <111> plane spacing is 0.228 nm
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The

plasmons loss and an EELS map was used to examine the plasmon loss behavior in the
region of interest (ROI). We took the EELS map pixel by pixel where each pixel is specic
to electron beam with same exposure time.

Quantication of EELS
The absolute quantication of EELS was needed to compare optical data with EELS data as
well as EELS data among dierent nanostructures. Quantication of EELS was performed
using Jupyter notebook where EELS intensity was converted into scattering probability per
unit energy-loss. The scattering probability was obtained by dividing the total intensity of
spectrum by total intensity under zero loss.

A multiplication of the Lorentzian functions

was used to approximate the zero loss peak while plasmon loss peaks were t by Gaussian
function.

2.2.4 UV-Vis-NIR spectroscopy
UV-Vis-NIR spectrophotometry refers to absorption spectroscopy or reectance spectroscopy
in part of the ultraviolet and infrared, and the full visible spectral regions.

The UV-Vis-

NIR spectroscopy can be used to study the resonant absorption due to plasmon excitation
as well as to measure the thickness and optical properties of thin lms. Optical properties
for the Ag and CoAg nanoparticles, and Fe-Ag arrays were measured by the HR2000+ES
spectrometer from Ocean Optics in the transmission mode.

It contains unpolarized light

from deuterium and halogen sources and probe area of 600

µm.

In our experiment, the

optical spectra were collected with acquisition time of 0.1 sec. Further, the output spectra
were averaged over 100 scans to increase the signal to noise ratio. The transmission spectra
were later converted into absorption mode by using Beer Lambert law of optical absorption
as

Absorpton = Ln(100/T ransmission(%)).

2.2.5 Nonlinear optical measurements
A schematic of experimental set up to calculate the value of
.

n2

and

β

is shown in Fig. 2.10

First, for the open aperture conguration, we used a 1550 nm ber laser with a pulse

45

duration of 64 fs, and an average power of 20 mW which was incident on an electrically
focused tunable lens (EFTL).
The samples were placed at distance fs from the EFTL. The output of the lens impinged
in the sample and the intensity in the sample was controlled by changing the focal length
of the EFTL with applied current.

The transmitted laser beam was detected with a Ge-

photodetector, and the normalized transmittance was used to calculate the value of

β

using

the relation as,

1
T (f ) =
B(f )

Z

ln{1 + B(f )sech2 (ρ)}dρ, ρ → 0, ∞

(2.1)

with

B(f ) = β(1 − R)Io (f )Lef f
Here,

Lef f

α

and

is the eective sample thickness given by

being linear absorption coecient.

Also,

Lef f =
R

(1−e−αL )
,
α

τ

L being sample thickness

is reection coecient and

intensity of the beam which is a function of focal length. Also,
with

(2.2)

Io

ρ is expressed as ρ =

is peak
√
2ln(1+ τ )
τ

being full width at half maximum pulse duration.

Second, the samples were tilted at an angle of

θ

with respect to the laser beam direction

and the light reected by the sample surface was analyzed to measure the

n2 .

The normalized

reected beam intensity can be expressed as


RN (f, θ) = 1 + Re

Here,

f, Z0 (f ), θ, no

and

2n3o cosθ − 4n2o sin2 θcosθ
n4o cos2 θ − n2o + sin2 θ
k2

"

(n + ik2 )Io
p2
n2o − sin2 θ

#(

1
)2
1 + ( Zfs0−f
(f )

)
(2.3)

are the focal length of EFTL, Rayleigh range, angle between

normal to the incident beam and sample surface, linear refractive index and extinction
coecient respectively.

2.2.6 Linear Faraday rotation
In the typical Faraday rotation experiment the Intensity of the laser beam arriving at detector
is given by

I = M A20 cos2 (φ − θ)
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(2.4)

where M is a proportionality factor which depends on the conversion eciency of the detector,
and

φ

is the relative angle between polarizer and the analyzer.

For maximum sensitivity,

φ

◦
should set to 45 , therefore the intensity is given by

I=
where

θ

M A20
[1 + sin2θ]
2

(2.5)

is the angle of rotation due to magnetic eld is given by

θ = V Bd
where, V is Verdet constant, d is thickness of the sample.
intensity is beam modulated at a frequency

(2.6)

In the experiment the laser

Ω and therefore the intensity become oscillatory

given by,

I=

M A20
[1 + sin2θ]sin(Ωt)
2

(2.7)

the photodetector converts light intensity into current. So the detector reads an ac current
given as,

iac =

M A2
[1 + sin2θ]
2

(2.8)

and the lock-in amplier measures the rms value as,

Iac
and at zero magnetic eld,

θ

iac
M A2
= √ = √ [1 + sin2θ]
2
2 2

= 0,

Iac (B = 0) =
and for small

θ,

Sin(2θ )

(2.9)

M A2
√
2 2

(2.10)

∼ 2θ,
Iac
= 1 + 2θ = 1 + 2.V Bd
Iac (B = 0)
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(2.11)

For the analyzer set at 45

◦

and -45

◦

Iac
= 1 + sin(2θ), f or + 45◦
Iac (B = 0)

(2.12)

Iac
= 1 − sin(2θ), f or − 45◦
Iac (B = 0)

(2.13)

2.2.7 Nonlinear Faraday rotation
The nonlinear magnetic (nonlinear Faraday eect) activity of the nanostructures were
measured using a standard Faraday rotation experimental set up as shown in Figure 2.11.
This is a combination of f-scan and polarization rotation. In this experiment the laser with a
linear polarized light is focused on the sample by the electrically focused tunable lens (EFTL)
and a regular f-scan is taking with as a function of applied magnetic eld, in the Faraday
conguration, the DC magnetic eld produced by a R-K electromagnet, was varied from 0
upto 0.5 T in steps of 0.1. We record the transmission of the laser beam of wavelength 1550
nm as a function of current in the EFTL at some xed value of the magnetic eld, after

◦
the the beam is pass through a Thomson polarizer oriented at 45 angle with respect to the
incoming polarization when there is no magnetic eld applied.
The dependence of the transmission of the laser beam on the magnetic eld can be
understood as interplay between the intensity of the beam and magnetic eld and it is
known as the nonlinear Faraday eect, or photoinduced Faraday rotation. The transmitted
intensity of the beam is aected by two photon absorption given by

I(f ) =

Io (f + fs )
1 + βIo (f + fs )Lef f

(2.14)

and the polarization angle of rotation (∆Θ) can be expressed [142] as

∆Θ = V HLef f −
Where,

H

χ4i
Hln {1 + βIo (f + fs )Lef f }
2χ3i

is the applied magnetic eld and

V

is the Verdet constant, and

(2.15)

χ4i and χ3i

are the imaginary components of the fourth-order nonlinear and third-order nonlinear
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susceptibilities. The rst term in Eq. 2.15 corresponds to the linear Faraday eect, while the
second term is the photo-induced contribution to the nonlinear rotation. The transmittance
of the beam passing through the analyzer can be calculated using Malus's law in the small
angle approximation and optimizing for sensitivity as,



χ4i
T (f ) = {1 − βIo (f + fs )Lef f } 1 + V HLef f − 3 Hln {1 + βIo (f + fs )Lef f }
2χi
In terms of the absorption coecient

α

(2.16)

and two-photon coecient (β ), the above

expression can be written as,


T (f ) = {1 − βIo (f + fs )Lef f } 1 + V HLef f −

3α
Hln {1 + βIo (f + fs )Lef f }
40 ncβ


(2.17)

The above expression contained information about the linear and nonlinear Faraday eect,
so careful must be taken if 2.17 is used to obtain the Verdet constant, this will show as
an oset of the low intensity portion of the trace , that will be lost if the transmittance is
normalized. From the experimental data, on our case, it was clear that there is not linear
Faraday rotation (zero oset in the wings as function of the B-eld) and the rotation is due
to pure photoinduced Faraday eect, in this case the above expression can be written as,




3α
T (f ) = {1 − βIo (f + fs )Lef f } 1 −
Hln {1 + βIo (f + fs )Lef f }
40 ncβ
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(2.18)

Figure 2.10:

Figure 2.11:

(a) Schematic diagram for experimental setup of f-scan method

(a) Schematic diagram for experimental setup of the nonlinear-polarization

rotation F-scan method,
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Chapter 3
Detection of localized interface plasmons
(This work is a continuation of the work reported in [1] and published in

3.1

Plasmonics

[118])

Introduction

Tailoring of photon-matter interaction in solid material is critical for surface plasmon
resonance (SPR) based sensing. This can be achieved from suitable material with interface
engineering. The modied plasma oscillations in metal-metal interfaces are highly soughtafter phenomena in plasmonics, however, such a localized nature of this oscillation has never
been reported. Here, we present the rst evidence of localized interface plasmons from CoAg
bimetallic nanoparticles by employing scanning transmission electron microscopy - electron
energy-loss spectroscopy (STEM-EELS). We found that the localized interface plasmons
oscillates with a frequency in between in-plane dipole mode and quasiplanar mode. Moreover,
we observed that the localized interface plasmon resonance is stronger than in-plane dipole
LSPR which was characterized by comparing the quality factor of the energy-loss peaks.
Such interface plasmon resonance was not distinctly observed from ensembles of CoAg
nanoparticles by optical excitation incident normally, however, a broader in-plane dipole
mode was observed compared to similar pure Ag nanoparticles.

This direct detection of

plasmons conned to the interface region could drive to future engineering of bimetallic
interfaces with improved plasmonic activity.

51

Interface plasmonic properties of metallic nanoparticles have been of great interest
towards localized surface plasmon resonance (LSPR) based sensing [143, 144, 145]. In the
case of the metal-dielectric interface, the LSPR eect has been well studied in the past
[102, 146, 147, 148, 149].

In addition, a signicant number of studies have been focused

on LSPR response of metal-semiconductor interfaces, with several works reported in the
literature [50, 150, 151, 152].

However, the observation of localized plasmon resonance

behavior at metal-metal interface has not been reported yet, while the existence of spatially
localized interface plasmons between two metals was suggested by Stern et al. long time ago
[31]. Thenceforward, most of the theoretical and experimental works were merely focused on
identifying the characteristics interface plasmons (propagating or standing) frequency from
bimetallic interface [153, 154, 155].
The direct detection of localized plasmonic behavior at bimetallic interface has been
challenging. One of the reasons is due to diculty in fabrication of sharp and robust atomic
interfaces between two metals in bimetallic nanoparticles, which, with their sizes comparable
to light waves, are able to excite localized plasmons. Another reason is, while most studies
on those types of nanoparticles are performed by means of optical excitation, sucient
spatial resolution of material interfaces could not be achieved. Moreover, a comprehensive
theoretical understanding of interface plasmonics has not been developed yet. It is because
the existing theory is based on the dielectric function of the surrounding matrix and fails
to account for modied chemical bonds and subsequent charge density and eective mass
of electrons at the interface.

Partly motivated by these limitations, the understanding of

plasmon behavior from electron energy-loss spectroscopy and crystallinity in the interface
region could improve the present state-of-the-art in interface plasmonics.
Our group previously reported an observation of electron energy-loss peak when a
monochromatic electron beam passed near the Co side of a CoAg bimetallic nanoparticle.
This electron-energy loss behavior in low-loss spectrum was attributed to excitation of
ferroplasmons [23].
satisfaction.

However, the origin of such plasmons was not determined to our

The primary reason was due to the nanocrystalline nature of the two

dierent materials within the nano-particles .

In this work, we present detailed analysis

of CoAg bimetallic nanoparticles with even better energy (0.15 eV) and spatial (1.8 Å)
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resolution obtained for nanoparticles with higher degree of crystallinity. With these improved
experimental conditions, we now report the observation of localized interface plasmons at the
metal-metal interface in CoAg bimetallic nanoparticles by means of scanning transmission
electron microscopy - electron energy-loss spectroscopy (STEM-EELS). Here, we begin rst
by comparing plasmon induced optical absorption modes excited by broadband light wave
with the Eigen-frequencies obtained from plasmon induced EELS for an ensemble of Ag
nanoparticles.

This will identify the observed correlation of plasmon induced resonance

modes such as intensities and peak positions excited by dierent sources viz.

photons

and electrons. Second, we present the nature and strength of localized interface plasmons
oscillation by comparing its plasmon energy and quality factor with those of in-plane dipole
and quasi-planar (QP) mode, which is a superposition of higher order modes.

3.2

Methods

Ag lms of 5

±

0.2 nm, 8

±

0.2 nm and CoAg bilayer lms of (3+5)

were deposited on carbon on mica in a base vacuum pressure of 6

±

×

0.2 nm thickness

10

−8

torr at room

temperature by the e-beam evaporation method (Model Mantis QUAD-EV-C). Prior to
deposition, the quartz substrates were cleaned ultrasonically in ethanol, acetone and DI
water, for 30 minutes at each step, respectively. The TEM samples were prepared by the
method suggested by Malasi et al [14].

The single layer and bilayer lms were irradiated

with UV pulsed laser of wavelength 266 nm having a pulse width of 9 ns (Model Quanta-Ray

2
Pro-Series Nd:YAG LASER) for 50 pulses at laser uency of 100 mJ/mm . The resulting
nanostructures were then investigated by high resolution imaging using a ZEISS Merlin
scanning electron microscope (SEM) in plan view orientations. The crystalline structure and
elemental distribution in selected samples were further examined by high-angle annular dark
eld imaging (HAADF) and electron energy-loss spectroscopy (EELS) by ZEISS Libra 200
MC in TEM as well as STEM mode at the acceleration voltage of 200 kV. The nanoparticles
distribution from SEM image was studied by ImageJ software.

Plasmon induced optical

transmission in the UV-Vis region was recorded by an HR2000 + ES spectrometer from
Ocean Optics consisting of a broadband halogen/deuterium lamp as a light source.
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The

transmission spectra were later converted into absorption spectra by using the Beer-Lambert
law of optical absorption [156].
calculated using the relation:
intensity and

3.3

The plasmon energy from electron energy loss peak was

Ep =

q
2
Emax
+

∆E 2
, where,
2

Emax is peak energy at the highest

∆E is the full width at half-maximum (FWHM) of the energy loss spectra [32].

Results and Analysis

The rst part of this study was motivated to compare the optically excited and Eigen EELS
plasmon modes observed for an ensemble of Ag nanoparticles. For this study, we prepared
an ensemble of Ag nanoparticles by dewetting Ag thin lms of 8
of uency of 100 mJ/mm

2

±

0.5 nm under UV laser

in air as the method described by H Krishna et al [157].

The

resultant morphology as recorded by SEM and the subsequent histogram showing the size
distribution of the nanoparticles are presented in Fig. 3.1(a) and (b) respectively. Following
calculation, the average size of the nanoparticles was obtained to be 88

±

33 nm.

The

plasmon induced optical spectrum from those nanoparticles was collected with normally
incident broadband light over an area of 500

µm 2

in carbon thin lm as substrate, and

therefore it represents the ensemble sizes averaged information of the nanoparticles.

The

optical spectrum has two obvious plasmon peaks of Ag nanoparticles as evident from Fig.
3.1(c) [top dotted red line]. It has been reported that the lower energy peak at

∼2.61

eV is

a dipole mode polarized parallel to the substrate (in-plane) and the higher energy peak at

∼3.53

eV corresponds to quadrupole mode [158]. Next, the average experimental electron

energy-loss spectrum of Ag nanoparticles was obtained by summing the energy-loss spectra
of individual Ag nanoparticles and then multiplying with the weight percent from their size
distribution.

The EELS spectra also showed the two plasmon peaks as evident from [the

bottom black solid line] the Fig. 3.1(c). The low energy mode (broad peak at 2.58 eV) is
in-plane dipole mode while the high energy mode (peak near 3.50 eV) is combination of QP
mode and bulk plasmon modes. [159, 160].
The apparent feature, determined by comparing plasmon induced optical absorption and
energy-loss spectra of dipole resonance mode, is the linewidth broadening of the dipolar peak
obtained from EELS measurements.

While the overall width of surface resonance modes
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comes from dierent size distributions of the nanoparticles, the dierence between peak
positions in EELS and optical resonance modes should be associated with their observed part
of the complex dielectric function . The electron energy-loss behavior and optical absorption
behavior are described by a function of Im(

−1
) and Im() respectively,
+1



being the complex

dielectric function of the system [32]. Another obvious characteristic observation from the
EELS was the in-plane dipole mode exhibiting lower degree of surface localization (broader
resonance) than a QP mode in the ensemble of nanoparticles.
In order to understand the excitation of plasmon modes from bimetallic nanoparticles,
in the next step, we prepared pure Ag and CoAg nanoparticles from the dewetting of the
Ag (∼5nm) and Co (∼3 nm)/Ag (∼5 nm) on carbon substrates.
subsequent size distributions are shown in Fig 3.2(a) and (b).

Their morphology and

From histograms obtained

from SEM images of nanoparticle distributions, the average diameter of the particles were
calculated to be 66
to be 94

±

± 22 nm for Ag nanoparticles and major axis (longitudinal) was calculated

33 nm for CoAg nanoparticles. For elliptical (major axis) analysis, the average

circularity of 0.83 was used as obtained from ImageJ by the method described by Yasuhiro
et al [161].

∼66

The representative optical absorption spectra for average particle diameter of

nm (Ag),

∼88

nm (Ag) and major axis of

1.40 eV to 4.1 eV is shown in Fig.

3.2(c).

∼94

nm (CoAg) in the energy range from

For Ag and CoAg compositions with dierent

particle size distributions, in the absorbance spectra, minima was observed at

∼3.88

eV

wavelength for all sizes, which corresponds to the characteristic energy of Ag due to interband
transitions. A relatively weak quadrupole resonance mode was observed at
Ag nanoparticles with an average diameter of

∼66

nm and

∼88

∼3.53 eV for pure

nm , while the resonance at

∼3.56 eV was observed for CoAg nanoparticles with size distribution of ∼94 nm (major axis)
respectively. The strong in-plane dipole mode was observed at 2.84 eV for Ag nanoparticles
of average size

∼66

nm, while the peak at 2.61 eV and 2.58 eV was observed for Ag and

CoAg nanoparticles of sizes

∼88

nm and

∼94

nm as evident from Fig.

3.2(c).

Further,

the full width at half maxima (FWHM) of those dipole resonance curves were calculated as
follows: 0.77 eV for Ag (Dave
[Dave

∼94

∼ 66 nm), 1.01 eV for Ag (Dave ∼88 nm) and 1.70 eV for CoAg

nm (major axis)]. One of the evident results from the observation is that with

increasing size of the nanoparticles, there was a red-shift as well as an increase in linewidth
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(FWHM) of the resonance curves.

Moreover, while the in-plane dipole LSPR for Ag and

CoAg of comparable sizes are similar in peak energy position, the intriguing contrast is the
broadening of the resonance curves for CoAg. Accounting the small red shift of the CoAg
compared to Ag particles with 88 nm diameter, we can conclude that the dipole resonance
is associated with the total dimension of the CoAg particle and not the silver portion alone.
We also observed that FWHM broadened by 0.21 eV for an average diameter increase of 22
nm among pure Ag nanoparticles, while it broadened by 0.71 eV for only an increase of 6
nm from Ag to CoAg nanoparticles.

So this increased broadening in CoAg nanoparticles

compared to Ag nanoparticles can not be introduced by the particle size distribution.
In order to shed further light on the broadening of the optical spectra from CoAg
nanoparticles compared to Ag nanoparticles of identical sizes, the crystallinity and plasmonic
properties of these CoAg nanoparticles were studied with STEM-EELS. Fig. 3.3(a) shows a
Z-contrast image of a selected CoAg bimetallic nanoparticle. The dark and bright sides in
the gure represent the Co and Ag respectively. The high resolution transmission electron
micrograph of the interface region of the CoAg particle [as denoted by the red dashed square
in Fig.

3.3(a)] is shown in Fig.

3.3(b).

The crystallinity of the particle was determined

by the fast Fourier transform (FFT) of images obtained from Co [left inset in Fig. 3.3(b)]
and Ag [right inset in Fig. 3.3(b)] region. From FFT diractograms , we observed that the
crystal structure of the interface is well dened and not polycrystalline as in previous studies.
Further, crystal structures of both sides were face centered cubic (FFC) with a common [100]
direction for this epitaxial interface.
The EELS spectra taken from three regions in Fig. 3.3(a) viz. (1) the surface of the Co
side with dark cyan color (Co side), (2) the surface of Ag with red color (Ag side) and (3)
the triple point with blue color (triple point), are presented in Fig. 3.3(c). The summary
of features in the EELS obtained from the all three regions are presented in Table 3.1. As
evident from Table 3.1, the plasmon induced in-plane dipole energy mode was observed
near 2.25

±

0.05 eV for all probed regions which was red shifted compared to the optically

observed position (2.58 eV). This shift originates in the particle size, because the investigated
CoAg nanoparticle has longitudinal diameter of 120 nm while the average diameter of CoAg
nanoparticles investigated optically was 94 nm.
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Another important observation was the

Figure 3.1:

(a) A SEM micrograph of nanoparticles fabricated by laser dewetting of Ag (8

nm) thin lm.

[The scale bar is 200 nm] (b) the size distribution of the nanoparticles

showing the average diameter of the particles 88

±

33 nm.

(c) comparison of optical

absorption spectrum with average energy loss spectrum for Ag nanoparticles of same size
and distribution.

Figure 3.2:

(a) (Top)SEM micrograph showing the arrangement and distribution of

nanoparticles following dewetting of Ag (5 nm) thin lm. [The scale bar is 200 nm], (bottom)
the size distribution of the nanoparticles showing the average diameter of the particles 66

±

22 nm. (b) (top)SEM micrograph showing the arrangement and distribution of nanoparticles
following dewetting of Ag (5 nm)/Co(3 nm) thin lm. [The scale bar is 200 nm] (bottom)
the size distribution of the nanoparticles showing the average major axis of the particles
88

±

33 nm.(c) Interband transition minima (∼3.88 eV), quadrupolar (3.51-3.54 eV) and

in-plane dipolar LSPR positions (2.85 eV-2.58 eV) as a function of energy for nanoparticle
arrays with sizes of

∼66

nm (Ag),

∼88

nm (Ag) and
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∼94

nm (CoAg).

dierence in the intensity and width of the observed in-plane dipolar peaks in the EELS
obtained from dierent regions of the particle: Ag side, triple point and Co side. Moreover,
the electron-energy loss at

∼3.60 ±

0.15 eV was observed strongly only from the electrons

beam at the Ag side and triple points, and rather weak for the electron beam from the Co
side. This peak at the near ultraviolet region corresponds to QP mode [159]. Correlating
this observation with the general results obtained from optical absorption spectra, we found
that the quadrupole mode (observed in optical excitation) should be integrated into the
quasiplanar mode in such particles for the given energy resolution.
Of particular interest from the electron energy-loss spectra obtained near from the triple
point was the emergence of an additional electron energy-loss mode at

∼2.73

eV. This peak

was observed to be localized more than the in-plane dipole mode and less than QP plasmon
mode. Further investigation conrmed that the peak becomes progressively weaker as the
EELS are taken either in Co or in Ag side, thereby conrming the origination of peak from
interface of Co and Ag as shown in Fig 3.4(a), (b) and (c).

Surprisingly, this peak was

absent from optical spectra from an ensemble of CoAg nanoparticles with normal incidence.
The compelling reason is that the plasmon oscillation associated with interface could be an
out-of-plane oscillation. Since the incident light source in our optical experiment is normal
to the substrate, the electric eld vector associated with it should only be able to excite
in-plane dipole mode. However, a swift electron beam can excite both in-plane and out of
plane plasmon oscillation [162].

3.4

Discussion

The electric eld due to swift electron beam passing nearby the nanoparticles induce surface
plasmon oscillation in the metallic system [162].

The schematic image for the plasmon

oscillation direction for CoAg nanoparticles is shown in Fig. 3.5. From electron energy-loss
spectra, we observed the QP mode at 3.60
in-plane dipole at 2.25

±

0.15 eV, which is more localized compared to

± 0.05 eV from the CoAg nanoparticle.

Under more scrutiny in Table

??, we saw that both the QP plasmon mode and in-plane dipole mode varies slightly with
the location of beam position near the nanoparticles. Basically, one expects the resonance
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Figure 3.3:

(a) Z-contrast image of the epitaxial CoAg bimetallic nanoparticle. The dark

side is Co, the bright side is Ag (b) The HRTEM image from the red dashed square region
in gure (a). Inset shows the FFT from Ag and Co side respectively to right and left (c)
The experimental EELS spectra for the surface of Co side (dark cyan), the surface of Ag side
(red) and the triple point (blue), respectively. And the spectra were taken from the regions
corresponding to the marked square areas in (a) with the same color. [1]

Table 3.1:

LSPR peaks positions, width, plasmon energy, area and quality factor from the

EELS spectra in Figure 3.3 [1]
Plasmon modes

In-plane dipole

Interface

Quasi-plannar

Ag

Tripple point

Co

Position (Emax )

2.17

2.19

1.98

Width (eV)

0.64

0.58

1.65

Plasmon energy (eV)

2.22

2.23

2.30

Area (ppm)

172.01

221.63

157.96

Quality factor (Q)

3.39

3.77

1.20

Position (Emax )

2.71

Width (eV)

0.52

Plasmon energy (eV)

2.73

Area (ppm)

205.09

Quality factor (Q)

5.29

Position (Emax )

3.45

3.53

3.64

Width (eV)

0.50

0.63

1.24

Plasmon energy (eV)

3.47

3.56

3.74

Area (ppm)

316.60

230.99

56.41

Quality factor (Q)

6.90

5.60

2.93
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Figure 3.4:

(a) Z-contrast image of AgCo NP. The selected regions of the surface were

divided by Co side (blue squares) and Ag side (pink squares) from the triple point.

The

distance of the selected region from the triple point was indexed above the Z- contrast
image. (b) and (c) Experimental EELS spectra of the LSPR were taken from the surface of
the Co side and Ag side, respectively. All the taken regions were numbered in (a) [1]
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energy of in-plane dipole and QP mode on such plasmonic systems is identical irrespective
of the beam position.

This is because, in the bimetallic system like CoAg, there are two

possible ways of plasmon energy interaction from one metal to another metal viz.

by (i)

resonance energy transfer and (ii) direct electron transfer [163]. Since, there is no relative
energy gap between two metallic contacts, the only possible resonance energy mechanism is
by charge transfer. In other words, the electrons cloud in the Co side and Ag side interact
in such a way that they oscillate as a whole entity in the same phase. This argument was
further veried from our optical excitation experiment in which pure Ag and CoAg systems
of comparable sizes have similar in-plane dipole plasmon resonance frequency. However, due
to the screening eect and relatively low density of charges in the Co side, the plasmon
resonance was damped while it was excited from the electron beam on the Co side as evident
from Fig. 3.3(c). The other contribution for small change (∼0.15 eV) in plasmon energy with
dierent positions can be attributed to the radiation damage of the electron beam in carbon
substrates over a period of measurement time [160].

It should be noted that the isolated

Eigen dipole energy of intrinsic Co's oscillator does not fall in the UV-Vis-NIR energy range
(1.5 eV-4.2 eV) studied here.
As we well identied and characterized the in-plane dipole, quadrupole and QP modes
by using photons and electrons sources, the emergence of an additional peak only at or
near the triple point of Co, Ag and vacuum is surprising. We hypothesize that this highly
localized peak observed in the CoAg nanoparticle could be due to independent oscillation of
modied plasma with intrinsic frequency of

ωCoAg =

q

NCoAg e2
along the interface regions,
m∗

∗
where NCoAg and m are modied charge density and eective electron mass in the interface
due to modied chemistry in the interface. We further characterized the quality factor of
this peak by comparing it with in-plane dipole and QP mode. As we summarized in Table
3.1. the quality factor of this interface plasmon resonance is higher than the dipole mode
but less than the QP mode.
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Figure 3.5:

Schematic of plasma oscillation in CoAg nanoparticle
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Chapter 4
Nano-second switchable LSPR in Ag
nanoparticles by morphology changing
(Published in IOP Nanotechnology 31 (2020) 355503 [102] )

4.1

Introduction

Metallic nanoparticles exhibit unique properties when their size is less than or comparable
to the incident light wavelength. One of these properties is the localized surface plasmon
resonance (LSPR), where collective oscillation of free surface electron gas by incident electromagnetic eld result in specic wavelength absorption. This specic wavelength depends on
the refractive index (RI) of the surrounding medium, composition of the metal, and the
geometrical features of the particle such as its shape and aspect ratio [13, 28, 37, 39, 164].
The role of RI on plasmonic behavior has been well studied in applications towards LSPR
based sensing, solar energy harvesting, and biomolecular detection [4, 114, 115, 116, 117, 165,
166, 167, 168, 169, 170]. Amongst the next generation of plasmonic eects that are being
sought after, one is the active control of LSPR in fast time scales. The ultra-fast control of
LSPR tuning in relation to optical switching in specic wavelength regions can potentially
lead to applications in smart windows, optical biosensing, optical ltering and photochromic
eects [4, 39, 164, 171].
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Another mechanism that has been used to modulate the LSPR characteristics, such
as resonance wavelength and intensity is by modifying the surrounding media, such as
by changing the dielectric properties, modifying the charge carrier density, and spacing
between the nanoscale materials.

The local dielectric environment and the resulting

refractive index can be changed in many ways. For instance, the refractive indices of dye
molecules have been altered within the time scale of a few seconds under exposure by a
HeCd laser with subsequent LSPR shift from the supporting Au nanorods of

∼ 20

nm in

the visible wavelength [119]. Phase-change materials like Germanium Antimony Telluride
(Ge3 Sb2 Te6) also oers reversible refractive index response to femtosecond pulsed laser
heating with

∼ 1000

nm shift in the resonance wavelength in the mid-infrared regime, as

seen with Au or Al plasmonics rods [120, 121]. Changing the gap between nearby plasmonic
nanoparticles has been demonstrated with negatively charged Au nanoparticles covered with
bis(p- sulfonatophenyl)-phenylphosphine and plasmonic shifts of
have been achieved in the time scale of a few seconds [122].

∼ 50

nm in visible range

Graphene has recently been

realized as a tunable plasmonic media due to electrically-controllable charged carrier density
but appears to be limited to switching in the millisecond to second time scales due to RC
phase delay [123].

4.2

Methods

4.2.1 Dynamic Maxwell Garnett Theory
The Maxwell-Garnet (M-G) theory has been applied to model the optical properties of
nanocomposite materials such as metallic islands or metallic nanoparticles embedded in a
host dielectric comprised partially of a solid substrate and a surrounding media like air
[57, 172, 173, 174].

In this model, the eective complex dielectric function

εef f

for the

system is given by:

εef f = εhost

[Lεm + (1 − L)εhost + f (1 − L)(εm − εhost )
Lεm + (1 − L)εhost − f L(εm − εhost )
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(4.1)

where,

εhost = σεsubstrate + (1 − σ)εo

is the eective dielectric contribution of the host

medium composed of air and substrate weighted by the factor

σ.

The weighting factor

σ

is the ratio of particle contact area to the substrate to the particle surface area exposed
to air.

The complex dielectric function of metallic particles is given by

εm

and

f

is the

particle lling factor given by the volume fraction of nanoparticles within the system.
is the depolarization factor of nanoparticles.

L

The dynamic form of the M-G theory [175]

proposes a wavelength dependent depolarization factor for the bigger particle of radius

r,

dened as

1
2
Lef f = L − K 2 r2 − iK 3 r3
3
3
Here,

K =

√
2πr εhost
and
λ

r

(4.2)

is radius of the nanoparticles.

as damping induced radiation loss is included in the

Lef f .

Thus, retardation as well
The transmission spectra

of nanoparticle system is obtained by matrix transformation method with the extinction
spectrum calculated by

E = Log(To /TAg ),

where

To

and

TAg

are the eective transmittance

of silver free and silver nanoparticle composite system respectively.
This eective medium theory predicts several interesting optical and plasmonic properties
of the nanocomposite systems, including change in plasmonic resonance wavelength due to
change in particle shape (depolarization factors), volume fraction as well as due to change in
the weighting factor

σ as a result of particle shape or contact angle changes.

4.1(a) shows the extinction spectra for dierent values of
nm and volume fraction of

f = 0.2.

particle, i.e. contact angle of
contact angle of

90◦ .

180◦ ,

σ , for particles of xed radius r = 25

The dierent values of

particle contact angle with the substrate. For example,
while

σ = 0.5

For instance, Fig.

σ=0

σ

correspond to changing the

represents a perfect spherical

represents a hemispherical particle with

As Fig. 4.1(a) shows, the peak in the extinction spectra corresponding

to the dipolar plasmon resonance from the nanoparticles red shifts with decreasing contact
angle. This is consistent with the fact that the contact area of the particle with the substrate,
which has higher dielectric function than air, increases with decreasing contact angle, thus
producing a red shift.

Another useful result shown in the inset of Fig.
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4.1(a) is that for

nanoparticles of similar volume, the resonance peak shifts to higher wavelengths for the
particle with larger contact angle.
In Fig. 4.1(b), the extinction spectra for various volume fraction is shown for particles
with xed contact angle (i.e. xed

σ = 0.1)

and radius

r = 25

nm . The key results are

the substantial change in the intensity of the extinction spectra and the relative change
in intensity of the dipolar to quadrupolar peaks.
increasing volume fraction

f,

The overall intensity increases with

consistent with the increased optical scattering as the number

of nanoparticles per unit volume is increased.

While a slight red shift in the wavelength

position of the dipolar or quadrupolar plasmonic peaks is seen, the relative intensity of the
two peaks changes signicantly, with the quadrupolar dominating at lower fractions and
the dipolar at larger fractions.

Overall, the key takeaways from the modeling results are

that increasing the particle contact angle and/or size, increases the plasmonic resonance
wavelength position, while changing volume fraction changes the intensity signicantly.

4.2.2 Experiments
Ag lms of

9 ± 0.2

nm thickness were deposited in a base vacuum pressure of

2 × 10−8

torr

on fused Quartz substrates at room temperature by the e-beam evaporation method (Model
Mantis QUAD-EV-C). Prior to deposition, the substrates were cleaned ultrasonically in
ethanol, acetone and DI water, for

30 minutes at each step respectively.

After deposition, the

lms were stored in a metallic box placed within a desiccator. Single pulse laser irradiation
under glycerol uid was performed on the Ag lm with a
width of

266

nm UV laser having a pulse

9 ns (Model Quanta-Ray Pro-Series Nd:YAG LASER). The single pulse irradiation

was performed at normal incidence by the linearly polarized laser beam of area

1

2
mm .

This technique was developed recently to synthesize near-spherical nanoparticles on quartz
substrates via a dewetting process, as reported in ref. [138]. The resulting nanostructures
were then investigated by high resolution imaging using a ZEISS Merlin scanning electron
microscope (SEM) in plan and side view orientations. Plasmon induced optical transmission
in the UV-Vis region were recorded by an HR2000 + ES spectrometer from Ocean Optics
consisting of a broadband halogen/deuterium lamp as a light source.

The transmission

spectra were later converted into absorption spectra by using the Beer-Lambert law of optical
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absorption. The nanostructures obtained under glycerol irradiation were near-spherical in
shape with a contact angle of
ImageJ [176].

166◦ ± 9

as evidenced by SEM imaging and analyzed by

This sample was again irradiated by a single laser pulse in air and the

resulting morphology and optical properties were studied. These nanostructures were nearhemispherical in shape, with a contact angle of
experiments was

80

mJ/cm

2

103◦ ± 7.

The laser uence used for these

for the glycerol as well as air irradiations. The hemispherical

shaped nanoparticles were subsequently irradiated under glycerol by a single pulse and its
optical absorption spectra and shape were studied. This cycle of air+glycerol irradiation was
repeated up to ten times and corresponding absorption spectra were studied. The schematic
diagram of the experimental process is shown in the Figure 4.2.

4.3

Results

The rst part of the study was to investigate the contact angle switching behavior following
irradiation by a single nanosecond laser pulse. The Ag thin lms of thickness

9 ± 0.2

nm

were prepared and subjected to pulsed laser irradiation. The morphology of the as-prepared
lm and the corresponding absorption spectra are shown in supplementary materials. The
as-prepared lm did not possess distinct spatially separated particles. In addition, the lm
did not exhibit any plasmon induced resonance in the visible region. The typical morphology
of Ag nanoparticles synthesized by laser dewetting of the Ag thin lm under glycerol is shown
in Figure 4.3(a). Figure 4.3(b) is the side view SEM showing the near-spherical nature of
the particles while Figure 4.3(c) is the histogram showing the particle size distribution. The
average diameter of the spherical particles was calculated to be
exposed to a single laser pulse of uence of 80 mJ/cm

2

51 ± 23 nm.

This system was

in air environment. The morphology

of the resulting particles is shown in Figure 4.3(d) while the side view SEM image of the
nanoparticles is shown in Figure 4.3(e). The major dierences from the initial nanoparticle
characteristics is the increase in average particle size (with decrease in number density),
as evident comparing Figure 4.3(a) and (d) as well as an increase in contact angle to a
nearly hemispherical shape, as seen in Figure 4.3(e). Figure 4.3(f ) shows a histogram for the
particle size distribution, conrming an increased average diameter of
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102 ± 32

nm. From

Figure 4.1:
dierent

σ

Extinction spectra of (a) nanoparticles with radius

r = 25

nm,

f = 0.2

and

values. Inset shows the extinction spectra for perfect sphere and hemisphere of

constant volume (b) nanoparticles of dierent

f

values but constant

r = 25 nm and σ = 0.1,

as predicted by dynamic Maxwell -Garnett theory.

Figure 4.2:

Schematic diagram of the experimental procedure involved in creating spherical

nanoparticles, switching the contact angle to hemispherical case by using single pulse laser
irradiation in air, and resetting the contact angle to spherical shape by single pulse irradiation
in glycerol
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these experimental measurements, it was clear that the particle contact angle was changing
from the initial spherical to hemispherical shape following a single pulse irradiation in air,
and was also accompanied by an increase in the particle diameter.
The plasmon induced absorption spectra for the two systems (i.e.
and air-irradiated near-hemispherical case) are shown in Figure 4.4(a).

near-spherical
As evident from

Figure 4.4(a), the intensity as well as position of the LSPR dipole and quadrupole modes
changed dramatically in going from the spherical to hemispherical system.

The dipolar

plasmon position red shifted and its intensity increased in going from the spherical to
hemispherical case.

On the other hand, the quadrupolar plasmonic peak position blue

shifted while its intensity decreased in going from the spherical to hemispherical case.
The hemispherical particles have more at surface along the substrate making less ecient
quadrupole polarization.
depolarization factor

This can also be explained theoretically by the higher value of

1
( 2.19
)

in hemispherical case than in spherical case

( 31 )

in transverse

direction although the vertical dimension is almost same in both cases [177].

This result

established that the shape change was accompanied by a large change in the optical plasmonic
properties, namely wavelength and intensity change of the plasmonic resonances.
In the next phase of our experiments, we investigated the ability to reset the optical
properties of the system back to its initial state as well as test whether it is possible to reuse
this system for multiple cycles of optical switching.

We subjected the near-hemispherical

system to laser irradiation under glycerol with a single laser pulse and plasmon induced
absorbance for the resulting system was recorded.

In Figure 4.4(a), the result of this

resetting single pulse is shown by comparing its optical behavior to that of the original
near-spherical system as well as the rst switched state (i.e. the near-hemispherical state).
The reset system has quite similar optical spectrum in terms of wavelength positions to
the original near-spherical system. However, the intensity of the reset system appears lower
than the original near-spherical state. In Figure 4.4(b), the representative optical data from
rst, fth and tenth switching and reset cycles, are shown. The optical data for all optical
cycles (1 to 10) is presented in the supplementary materials. Like cycle 1, the subsequent
cycles show similar plasmonic resonance positions for the reset state (shown by blue curves)
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Figure 4.3:

(a) Plan view SEM image of Ag nanoparticles synthesized under glycerol. (b)

Side view SEM image showing that the nanoparticles have nearly spherical shape due to the
large contact angle. (c) Histogram of particles in (a) showing the size distribution. (d) Plan
view SEM image of nanoparticles following irradiation of system (a) in air. (b) Side view
SEM image showing that the nanoparticles have nearly hemispherical shape. (e) Histogram
of particles in (d) showing the size distribution (the scale bars in the gures are
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200

nm)

or switched state (shown by red curves), while the intensity decreases signicantly with
increasing number of cycles.

4.4

Analysis and discussion

The goal of this work was to study switching and reversibility of plasmon induced resonance
absorption modes in silver nanoparticle arrays mainly arising due to setting and resetting of
contact angles of Ag nanoparticles following melting by a single pulse laser. We have built
our switching idea based on a newly discovered eect in which the shape of the particle can be
changed based on the conditions under when the particle is irradiated. In a recent work by our
group [138], we demonstrated that Ag nanoparticles fabricated by laser melting in air, water
and glycerol environments yielded signicantly dierent shapes, with the glycerol leading to
a near-spherical shape, while air produced near-hemispherical shape particles. This shape
dierence was attributed to dierent interfacial energies involved, with the glycerol-substrate
and glycerol-Ag interfacial energies being larger than the air-substrate and air-Ag interfacial
energy, this leading to higher contact angles for the glycerol case, as predicted by Young's
equation [178].
Figure 4.5 (a) and (b) shows the SEM image and histogram of the nanoparticle
size distribution following the tenth switching process.

The analysis of the volume

of the nanoparticles after the rst and tenth switching process showed the signicant
detachment/loss of nanoparticles.

Indeed, we observed the loss of

65 ± 1

% by volume.

The most likely reason for this loss is the weak adhesion of Ag nanoparticles with the
underlying substrate, making it easy for the near-spherical nanoparticles to be removed
during laser irradiation in the glycerol ambient (setting/resetting process). This reason was
further supported by analysis of volume of the particles before and after the rst switching
process (irradiated in air) where the loss in particles by volume was found to be

0.3 %.

This

small discrepancy in volume falls within the uncertainty value obtained during analysis. In
essence, we didn't see loss of any particles by volume in switching process (irradiation in air)
while an average of

6.5 % of the particles by volumes were lost during each set/reset process

(irradiation in glycerol).
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Figure 4.4:

LSPR resonant absorption spectra of (a) rst set, switched and reset states (b)

rst, fth and tenth cycle of set/reset and switched states

Figure 4.5:

(a) Plan view SEM image of Ag nanoparticles after the 10 cycles (the scale bar

1 µm) (b) Histogram of particles showing size distribution with average particles diameter
103 ± 33 nm.

is
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Despite the material loss, our results provide some very useful overall ndings that
can guide future investigations of cyclic plasmonic switching of resonance wavelengths
and intensities in plasmonically passive substrates like fused Qz.

From Figure 4.4(a), we

conrmed that the resonance plasmonic wavelength location as well as the intensity, changes
substantially under the single pulse switching from the initial array comprising of nearspherical particles Figure 4.3(b) to the near-hemispherical case as shown in Figure 4.3(d).
The dipolar peak red shifted from
increased by

45 ± 5 %.

399

nm to

439

nm, while the dipole resonance intensity

Both these ndings are consistent with the contact angle change

eect, as also predicted by the dynamic form of M-G theory, shown previously in Figure
4.1(a). However, the investigation of resetting the switched near-hemispherical system back
to the near-spherical state revealed that while the resonance peak positions, as shown by
the dashed line in Figure 4.4(a), appeared to match quite well with the original state [solid
blue line in Figure 4.4(a)] a clear decrease in intensity was observed. This eect was further
compounded over multiple cycles of switching and resetting, as observed in Figure 4.4(b).
Fig.

4.6(a), compares the experimental and simulated optical absorbance spectra of

Ag nanoparticles in quartz substrate for the rst cycle from which the eective volume
fraction was calculated to be 0.19.

The bulk real and imaginary component of refractive

indices of Ag for our simulations was taken from Johnson et al[15]. The simulated optical
spectra more or less overlap the experimental spectra and we attributed the small mismatch
to the surface oxidation of the system, which was not taken into consideration in the
simulation. After optimization of the simulated spectra with experimental spectra for each
cycle (supplementary materials), the eective volume fraction for every cycle was calculated.
Thus obtained eective volume fractions were used to compute the complex refractive indices
for each set/reset and switched cycles which are shown in Figure 4.6 (b)-(e). The refractive
indices of the plasmonic system provide useful information about the optical properties
of the system.

The real part of the dielectric function gives the information about the

polarization of the system while the imaginary part controls the dissipation of the energy into
the medium [179]. We found a systematic decrease in complex refractive index near the LSPR
resonance wavelength following each cycle, which is attributed to the change in eective
volume fraction due to a decrease in the particles by volume. Quantitatively, the imaginary
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values of refractive indices decreased by 54 % in case of near-spherical particles and 58 % in
case of near-hemispherical particles in their resonance wavelengths when the eective volume
fractions decreased by 63.5 %. The other important observation was that the real values of
refractive indices for the near-spherical particles (0.92) are smaller than the refractive indices
for the near-hemispherical particles (1.02), near their resonance wavelengths. In addition, the
near-hemispherical particles show larger dierence in the refractive indices over the visible
range (0.91 at 400 nm to 1.18 at 470 nm).

Physically, this eect could be explained by

local eld enhancement as the near-hemispherical particles have more sharp edge in contact
with the substrate as compared to the spherical particles where most of the hot electrons
concentrate.
To better quantify the plasmonic behavior with switching and resetting over multiple
cycles, the measured change in wavelength position for the dipolar and quadrupolar peaks
were studied. The location of the dipole and quadrupole wavelengths for each of the switched
and reset states during the 10 cycles is shown in Figure 4.7(a). From this, it was evident that
a small but systematic change in the position of the dipolar and quadrupolar resonance was
clearly occurring following each cycle. The blue shift in dipole resonance peak for the nearhemispherical particles [closed red squares in Figure 4.7(a)] following 10 cycles of switching
was 12

± 0.6 nm corresponding to an average blue shift of 1.2 nm per cycle while that for the

near-spherical particles [closed blue sphere in Figure 4.7(a)] following 10 cycles of resetting
was 9

±

0.4 nm with an average blue shift of

quadrupolar peaks were

∼ 0.3

∼ 0.9

nm per cycle.

The average shift of

nm per cycle for both hemispherical and spherical particles.

To understand the reason for this change, ,the

overall

dipole and quadrupole wavelength

shifts occurring for each switching cycle, i.e. from near-spherical to near-hemispherical state,
is shown in Figure 4.7(b). Average shifts over the 10 cycles of 38.5

±1.6

nm and 10

±0.5

nm were found for the dipolar and quadrupolar peaks respectively. However, a small but
systematic decrease in dipolar wavelength shift (lled green squares in gure) with a slope
of -0.5 nm/cycle and in quadrupolar wavelength (lled purple triangles in gure), with a
slope of 0.1 nm/cycle was evident over the 10 cycles.

This small but systematic shift in

the resonance position was attributed to a change in the volume fraction of particles after
each switching as well as resetting step. To support this idea, a similar change in dipolar
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and quadrupolar shift was obtained from the dynamic M-G theory computed for change in
eective volume fraction for near-spherical and near-hemispherical particle arrays for each
cycle, and this is shown in Figure 4.7(c). Quantitatively, the systematic decrease in dipole
shift of 0.5 nm and quadrupole shift of 0.1 nm was obtained for the 6.35 % change in eective
volume fraction of the particles. In essence, the dynamic form of M-G theory predicts the
decrease in eective refractive index with decrease in eective volume fraction of the particles
resulting in blue shift of the resonance position. While we have observed a small increase
in the average size of particles, as shown in Figure 4.5, the decrease in eective refractive
index due to detachment of the particles during irradiation under glycerol ambient of the
system appears to largely account for the overall small blue shift of the system in set/reset
and switched states following each cycle.
Next, the stability of the system in terms of intensity of the resonant dipole and
quadrupole intensity over the 10 cycles was analyzed.

Figure 4.8(a) shows the changes

in resonant dipole and quadrupole intensities over the 10 cycles studied here.

Overall,

the dipole intensity of the near-spherical [lled blue sphere in Figure 4.8(a)] and nearhemispherical particle [lled red squares in Figure 4.8(a)] decreased by 41

± 1.5%
by 56

± 1.2%and

58

respectively while quadrupole intensities [lled triangles in Figure 4.8(a)] decreased

± 1.4%

and 61

± 1.8

% respectively. This intensity change behavior was tted with

dynamic M-G theory when there is a decrease in the volume fraction of particles as shown
in Figure 4.8(b). Quantitatively, this overall decrease in dipole and quadrupole intensities
of near-spherical and near-hemispherical particles state over ten cycles was attributed for
63.5

± 0.5%

decrease in eective volume fraction of the particles obtained according to

the dynamic M-G theory.
experimental value of 65

This value obtained from dynamic M-G theory is close to the

±1%

which was obtained by SEM image analysis from Figure 4.3

(e) and 4.5 (a). The discrepancy of

∼ 1.5 % from the dynamic M-G theory can be attributed

to boundary eect and the homogeneity of the distribution of the particles in the medium
[180].

In eect, the overall scattering strength of the nanoparticle array decreases as the

number of particles per unit volume (i.e. the volume fraction) goes down.
Our analysis provides an interesting consequence of the particle contact angle in the
context of the plasmon intensity. Hemispherical particles generally combine a high surface
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Figure 4.6:

(a) Measured and simulated absorption spectra of Ag nanoparticles in Qz

for the initial state and rst switched state. The inset shows the bulk real and imaginary
component of refractive indices taken as a reference for those simulations [15], (b) the real
and (c) imaginary components of refractive indices for the near-spherical particles in Quartz
for each set/reset state, (d) the real and (e) imaginary components of refractive indices for
the near-hemispherical particles in Quartz for each switched state.

Figure 4.7:

The variation of resonant (a) dipole and quadrupole peak wavelength (b) the

experimentally measured change in net dipole and quadrupole shift with increasing number
of cycle (c) the theoretically calculated change in net dipole and quadrupole shift from nearspherical case to near-hemispherical case with varying volume fraction according to dynamic
M-G theory.
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to volume ratio along with a strong dipole resonance intensity [181] making them useful
in plasmonic applications.

However, the choice of which contact angle to use for a given

plasmonic application is also linked to the the wavelength range of interest. As we found
here through a detailed analysis of the plasmon intensity in the wavelength range from
nm to

600

300

nm, there is more intense plasmon induced absorption by the spherical particles

over the hemispherical particles for wavelengths below

400

nm, provided that the volume

density is kept the same, as shown in Figure 4.9.
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Supplementary materials

Figure 4.10 shows the asprepared Ag (9 nm) thin lm on quartz substrate and its
corresponding optical transmission.

spectra.

Figure 4.11 shows the optical transmission

spectra for the various cycles of laser irradiation.
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Figure 4.8:

The variation of (a) dipole and quadrupole intensity for near-spherical and near-

hemispherical particles with increasing number of cycle. The variation(b) dipole quadrupole
intensity for near-spherical and near-hemispherical particles with decrease in volume fraction
calculated from dynamic M-G theory.

Figure 4.9:

Overall plasmon induced absorption spectrum changes in the switching process

as a function of wavelength
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Figure 4.10:

(a) As-prepared Ag thin lm of thickness 9 nm (scale bar is 200 nm) (b)

corresponding transmission optical spectra

Figure 4.11:

(a) As-prepared Ag thin lm of thickness 9 nm (scale bar is 200 nm) (b)

corresponding transmission optical spectra
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Chapter 5
Bimetallic Fe-Ag arrays with
extraordinary nonlinear refraction and
nonlinear Faraday rotation at
telecommunication wavelength (1550
nm)
5.1

Introduction

In this work, we report the discovery of giant negative nonlinear refraction and nonlinear
Faraday rotation at 1550 nm using an array of bimetallic Fe-Ag nanopyramids. This system

2
exhibited a large third order nonlinear refractive index (n2 = -2.32 cm /GW) and nonlinear
gure of merit (F = 2.3). The same system also exhibited a photoinduced nonlinear Faraday
rotation up to 2.5 radian/µm at a magnetic eld of 0.5 T. The nonlinear response was
dependent on the degree of overlap of the Fe nanopyramid on the Ag nanopyramid which
inuences the strength of plasmon induced dipoles on the Ag nanopyramid. This nanoscale
system opens up a rich new set of possibilities in utilizing magneto-plasmonic materials to
miniaturize future multifunctional devices at telecommunication wavelengths.
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One class of interesting metallic systems are bimetallic plasmonic nanostructures which
show either improved materials stability and/or unusual optical and magneto-optical
properties in terms of activity and stability arising from synergetic eects.

In the past,

metals like Fe, Co, Ni, Pt, Pd and Al have been combined with the noble metals Ag,
Au and Cu to enhance the plasmonic and magneto-plasmonic properties.

For example,

ferroplasmons have been discovered in Ag-Co bimetallic nanoparticles, in which strong
surface plasmons have been observed in the Co side of the metallic system while preserving its
ferromagnetism [22, 23]. Additionally, the Ag-Co and Ag-Fe system have also demonstrated
reduced degradation rate of plasmonic signals due to oxidation of silver thus leading to
very stable plasmonic behavior over long periods of time [13, 23].

Fe2 O3 -Au core shell

nanoparticles have been reported to have a high Faraday rotation at resonant frequency
ascribed to spectral overlap of magneto-optical transition to plasmonic resonance [62].

5.2

Methods

5.2.1 Angle-resolved nanosphere lithography
To fabricate the pyramidal metallic nanostructures from the nanosphere lithography, the
polystyrene beads of diameter 500 nm were used to mask the quartz substrates by the
technique used by Prasad et. al [13]. The partial overlapping in nanopyramids was achieved
by tilting the masked substrates on the sample holder away to the metallic vapor direction.
To achieve 90 % overlapped in between Fe and Ag sample holder was tilted away by 1

◦

to

◦
vapor direction, while to achieve 30 %, the sample holder was tilted away by 5 .

5.2.2 EELS t
In order to quantify the plasmon peak position and peak area- Gaussian peaks and Lorentzian
peaks were t to the data.

A multiplication of the Lorentzian functions was used to

approximate the zero loss peak. A t of zero loss peak is shown in Figure 5.1.
The summation of gaussian peaks were used to produce noise free models of the electron
energy-loss spectra. Inelastic scattering in ppm (parts per million) was calculated using the
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Figure 5.1:

Fit spectra of zero-loss spectrum peak (black solid line) taken from red box.
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relation:

I×106
Where
I0

I

is the beam current in a pixel from the spectrum and

I0 is the incident

beam current. The Gaussian peak corresponding to the dipole plasmon peak position was
used to analyze the area and peak intensity (in ppm) of plasmon loss for corresponding
position (A, B and C). A representative of t data is shown in Figure 5.2.

5.3

Results

5.3.1 Nonlinear optical properties
We studied nonlinear optical properties of nanopyramidal systems viz. pure Ag, pure Fe and
Fe-Ag (with 30% and 90% overlap) at 1550 nm whose surface plasmons induced resonant
absorption was at 750 nm (except for pure Fe pyramidal system). The third order optical
nonlinearities were studied by f-scan methods, particularly transmission f-scan and reection
f-scan, which are modications of the conventional z-scan method [182, 183, 184].

These

methods allow us to measure the nonlinear index of refraction (n2 ) in reection and the
nonlinear absorption or two photon absorption coecient (β ) in transmission modes. The

E) dependent polarization (P) of a nonlinear system can be expressed as

electric eld (

(1)

(1)

(2)

(3)

(4)

P = χE E + PNL = χE E + χEE EE + χEEE EEE + χEEEE EEEE + ...
where,

χ(i) (i=1,2,3...)

real part of the

(3)

χEEE

is the

ith

(5.1)

order nonlinear susceptibility of the nonlinear system. The

is related to

n2

while imaginary part is related to

β.

Figure 5.3(a) and

(b) show results for transmission and reection f-scans for the pure Fe, pure Ag and Fe-Ag
nanopyramidal systems.

Two immediate features are evident from Figure 5.3(a) and (b).

First, the Fe-Ag system exhibited signicantly enhanced nonlinear absorption and refraction
as compared to the pure Ag, which in turn was much higher than pure Fe. Second, the Fe-Ag
system showed the opposite sign for the nonlinear refraction as compared to pure Ag.
large value for the nonlinear refraction of
coecient of

β F e−Ag

= 6.5×10

3

nF2 e−Ag

A

2
= -2.32 cm /GW and nonlinear absorption

cm/GW were obtained for the Fe-Ag system with 30 %

overlap. For the Fe-Ag system with 90 % overlap,

nF2 e−Ag

2
= -1.02 cm /GW and

β F e−Ag

=

3
9.5×10 cm/GW were obtained. Whereas, for the pure Ag system, the nonlinear refraction
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Figure 5.2:

A representative of tting of plasmon-loss peak for the spectrum data taken

from the red box

Figure 5.3:

(a)normalized transmission and (b) normalized reection of Fe, Ag and Fe-Ag

nanopyramidal arrays

85

of

nAg
2

2
= 0.19 cm /GW and nonlinear absorption coecient of

β Ag

= 6.7×10

2

cm/GW

were obtained. For the pure Fe system the nonlinear response was negligible. The

nF2 e−Ag

value is 3 to 4 orders of magnitude larger than those typically reported in the literature
for metallic nanostructures, which range in the order of 10

−4

2
−1
2
cm /GW to 10 cm /GW

[83, 108, 109, 110].

5.3.2 Plasmonics and microstructure
In order to understand the origin of large optical nonlinearity observed in the Fe-Ag
nanopyramidal system, we investigated the plasmon induced linear optical behavior and
electron energy-loss behavior.

The plasmon induced linear optical absorption properties

of the nanopyramidal system [pure Ag, pure Fe, Fe-Ag (30 % and 90 % overlap)] were
measured using normally incident broadband light. We saw that the pure Ag has a sharper
dipole resonance curve followed by Fe-Ag (∼30 % overlap) and Fe-Ag (∼90 % overlap)
at 750 nm (near the energy of two photons at 1550 nm) as shown in Figure 5.4(a).

The

dipole resonance peaks at 750 nm were achieved in each pyramidal system by controlling
the thickness of the Ag pyramids which was
in each case was

∼9

∼17

nm while the height of the Fe pyramids

nm. The representative SEM image of pure Ag and 30 % overlapped

Fe-Ag nanopyramidal system is shown in Figure 5.4(b) and (c). The pure Fe nanopyramidal
system didn't show any signicant absorption features in the wavelength region studied here.
Moreover, we didn't see any linear absorption feature in the 1550 nm in all nanopyramidal
systems as evident from the inset of Figure 5.4(a). The enhancement in optical nonlinearity
observed in the pure Ag or the Fe-Ag system compared to that of the pure Fe system was
attributed to matching of the two photon resonance conditions. The plasmonic systems (Ag
and Fe-Ag) had plasmon induced resonance peak wavelengths at 750 nm which is near the
fundamental frequency for two photons at 1550 nm.

However, the large enhancement in

the Fe-Ag system over the Ag system was completely unexpected since the plasmon induced
dipole resonance is more damped in the Fe-Ag system compared to the Ag system, as evident
from Figure 5.4(a). Nevertheless, this analysis rmly established that the matching of two
photon resonance conditions partially contributed to the observed optical nonlinearity, as
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pure Ag, and Fe-Ag nanopyramidal system had signicantly higher optical nonlinearity than
pure Fe.
One of the reasons for the large nonlinear optical responses from Fe-Ag nanopyramidal
array could be a synergistic eect between Fe metal and Ag metal nanopyramids. To explore
the system further, we investigated the electron energy-loss spectra from those nanostructures
as shown in Figure 5.5(a), (b) an (c). The dipole induced electron energy-loss peaks were
observed at 1.60
at 1.65

±

± 0.02 eV in each case, slightly shifted from the observed optical absorbance

0.01 eV (750 nm).

This dierence in observed electron energy-loss and optical

absorbance peak comes from their observed part of the dielectric function. In case of EELS,
we observe Im(

−1
), while in optical absorption we observe Im(),
+1



being the complex

dielectric function of the system [32]. To analyze the energy-loss behavior from the corner of
Ag nanopyramids, the features in electron energy-loss peak from Ag corners [marked as A, B,
C in Figure 5.5] of each Ag, Fe-Ag (30 % overlap) and Fe-Ag (90 % overlap) were quantied
in terms of peak intensity and area [in parts per million (ppm)]. We found that the peak
intensity of pure Ag nanopyramids were higher than that of Fe-Ag, and the Fe-Ag (30 %
overlap) had higher peak intensity than Fe-Ag (90 % overlap). Further, peak intensity and
peak area of Ag corners (B and C) adjacent to the Fe overlap were smaller than free corner
(A). Moreover, 30 % overlapped Fe-Ag nanopyramids had signicantly larger intensity and
area (at B and C corners) than 90 % overlapped Fe-Ag nanopyramids as summarized in
Table 5.1.
What was apparent from the optical and EELS analysis of nanopyramidal system was
that the surface plasmon dipoles are stronger for the 30 % overlapped as compared to the
90 % overlapped case.

The plasmon induced oscillating dipole causes an induced electric

displacement eld across the Fe as in Figure 5.5(d). The magnitude of displacement eld is
proportional to the plasmonic dipole strength. The displacement eld developed across the
ferromagnetic medium could control the magnetization of ferromagnetic material through
magneto-electric eect.

In other words, the dipole induced local electric eld act on the

electrons of the ferromagnetic material which produces magneto-electric (M-E) eect with
moment

T ∼ P × M, where P and M are plasmon dipole induced electric polarization and

magnetization of ferro-electrons in Fe nanopyramids. This moment is expected to control
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Figure 5.4:

(a) Normalized plasmon induced linear absorption spectra of Fe, Ag and Fe-

Ag (30 % and 90 % overlap) nanopyramidal systems. Inset shows the linear absorption of
the Fe-Ag system from 400 to 2000 nm. (b) A representative scanning electron micrograph
(SEM) image of pure Ag and (c) Fe-Ag (30 % overlapped system) (the scale bar is 500 nm )
(d)The schematic of oscillating displacement eld D(t) in the Fe pyramid induced by surface
plasmon dipoles of a Ag nanopyramid
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Figure 5.5:

(i) Z-contrast imaging and (ii) EELS intensities of (a) pure Ag, (b) Fe-Ag (30

% overlapped), (c) Fe-Ag (90 % overlapped) nano pyramids at peak intensity of 1.60

±

0.02

eV.

Table 5.1:

The measurement average EELS peak intensity and average EELS peak area

from Ag and Fe-Ag nanopyramids as marked regions A, B, C in Figure 5.5 (ppm stands for
part per million)
Peak at 1.60 eV

Pure Ag

Fe-Ag (30 % overlap)

Fe-Ag (90 % overlap)

A

B

C

A

B

C

A

B

C

Peak intensity (ppm)

232.2

235.5

240.0

180.2

165.4

168.2

120.2

86.9

90.5

Area (ppm)

95.6

97.8

102.7

181.9

166.6

169.1

74.7

66.5

67.0
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the third order optical nonlinearity in nanomaterials [185, 186].

So, the plasmon induced

eect in ferromagnetic material like M-E eect could be an important factor, apart from
matching of the two photon resonance conditions, for enhancement of the nonlinear optical
behavior in Fe-Ag nanopyramidal system.

5.3.3 Nonlinear Faraday rotation
Given the above hypothesis, we explored the possibility of magnetic eects on the nonlinear
behavior of this system by employing both the f-scan and polarization rotation measurements
simultaneously, as suggested by Frey et al [142].
values of

n2

and

β

The Fe-Ag system, which showed large

(i.e. 30 % overlap Fe-Ag), the nonlinear Faraday rotation at 1550 nm was

studied. In the presence of external static magnetic eld, the polarization of the system can
be expressed as

P = χE E + PH
NL = χE E + χEH EH + χEEE EEE + χEEEH EEEH + ...
(1)

Here,

(2)

χEH

(1)

(2)

(3)

(4)

(5.2)

is the second-order nonlinear susceptibility which is related to linear Faraday

rotation/magnetic circular dichroism (MCD) while

(4)

χEEEH

is the fourth-order nonlinear

susceptibility which describes nonlinear Faraday (polarization) rotation. Figure 5.6(a) (in
inset) and (b) are the experimental transmittance at 0.5 T and photo-induced (nonlinear)
Faraday rotation at dierent intensities along with tted data using equations (9) and (10)
respectively. For t, rst, we calculated the third-order nonlinear susceptibility in terms of
the two photon absorption coecient (β ) which was obtained to be
esu. Then,

χ4i

was obtained by tting equation Eq. 2.18 at 0.5 T. We found the value for

the nonlinear fourth order susceptibility to be

χ4i

2

−8
χ3i = β n8πcλ
3 = 9.4 × 10

χ4i = 6.5 × 10−12

esu. The value obtained for

is 6 orders of magnitude larger than in dilute semiconductors [96].

5.4

Discussion

The nonlinear optical processes in metallic nanostructures are generally governed by
various excitations like multiphoton absorption, thermal scattering, interband and intraband
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transitions and geometry [187, 188, 189] . In our experiment, we ruled out the possibility of
thermal scattering, by using a very low energy pulse of 0.4 nJ/pulse, with an average power
of 20 mW on the sample, along with a repetition rate of 50 MHz, which put the system
in a relatively low intensity regimen.

Also the excitation wavelength of 1550 nm was far

away from the plasmon resonance and therefore, low linear absorption and consequently low
heating of the nanostructures is expected.

Additionally, the enhancement of two photon

absorption (by four times) of Fe-Ag nanoparticles over that of pure Ag nanoparticles in oresonant wavelength was attributed to the interband and intraband transition of Fe-metals
which subsequently reduced the absorption saturation eect of Fe-Ag system over pure Ag
[190]. Surprisingly, we observed that the Fe-Ag nanopyramidal system has an enhancement of
about 10 times that of the Ag system at lower photon energy (1550 nm). Another important
observation of the optical nonlinearity of the Fe-Ag system over pure Ag was negative value
of n2 which indicates the Fe-Ag system is self-defocusing while the pure Ag system is selffocusing.

This is likely due to the dierence in local optical response/polarization of Fe

and Ag nanopyramids with incident laser elds as discussed above. Of particular interest
was the same Fe-Ag system with the large value of nonlinear (photo-induced) Faraday
rotation and nonlinear magneto-optical susceptibility at the same wavelength.

While the

EELS results strongly suggest a contribution from plasmon induced activity in the origin
of the giant nonlinear properties of this metallic system, other mechanisms may still be
important. For instance, one can expect the enhancement in the optical nonlinearity of the
Fe-Ag system due to evanescent wave intensication at the magnetic/nonmagnetic interface
through Schoch eect (magnetoelastic origin) and/or Goos-Hänchen eect (electromagnetic
origin) [191, 192]. The observation of large optical nonlinearity and strong nonlinear (photoinduced) polarization rotation eect on this system at the same wavelength of 1550 nm is
very unique and clearly suggests an exciting system for further exploration.
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Supplementary Material

5.5.1 Nonlinear optical properties
Fig. 5.7 presents the comparison of localized surface plasmon resonances (LSPR) and nonlinear optical properties for Ag nanopyramids at o-resonant conditions.
at

∼750

nm and

∼710

First, LSPR

nm respectively were achieved by controlling the height of Ag

nanopyramidal arrays which were

∼17

nm and

∼25

nm respectively. The plasmon induced

linear absorption spectra are as shown in Fig. 5.7(a). From Fig. 5.7(b) and (c) which are the
transmission f-scan and reection f-scan at 1550 nm respectively, it is clear that matching of
two photons resonance condition aects both the nonlinear transmission and reection. In
conclusion, matching of two-photon resonances condition enhance the third order nonlinear
refraction (n2 ) and two-photon absorption coecient (β ).

5.5.2 Linear optical properties of Fe and Co nanopyramidal arrays
The transmission spectra of pure Fe and pure Co nanopyramidal arrays of similar structures
and heights (∼9 nm). are presented in Fig. 5.8. However some researches has claimed the
modied optical spectra in Co attributed to hexagonal arrays due to triangular tips or lattice
structures, our results clearly suggest that the optical spectra on such structure at visible
region is clearly material dependent [193].

Iron doesn't show any absorbance features in

visible region.

92

Figure 5.6:

(a)Normalized transmission at dierent B-eld, inset shows the normalized

transmittance for 0.5 T and the thoretical tting using Eq. 2.18 and the experimental value
(3)
found for χi (b) Normalized polarization rotation with respect to magnetic eld at dierent
laser intensities. The solid and dotted lines are tted curves for Faraday rotation using Eq.
2.18 and Eq. 2.15

Figure 5.7:

(a) Normalized plasmon induced linear absorption spectra of Ag nanopyramidal

arrays with height

∼

17 nm (resonance at

∼750

nm) and

∼

25 nm (resonance at

∼710

nm)

(b) normalized transmission f-scan and (c) normalized reection f-scan of Ag arrays with
dipole induced plasmon resonance at

∼750

nm and
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∼710

nm.

Figure 5.8:

(a) Transmission spectra of Fe and Co nanopyramidal arrays of similar

structures and heights.
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5.5.3 EELS study of Fe-Ag nanopyramids
The EELS study shows absence of any plasmon loss from Fe nanopyramids.

The EELS

measurement shows only the damping of dipolar resonance at adjacent corners of Ag (∼1.6
eV) (presented on table in main manuscript) and hexapolar plasmon resonance at the side
of Ag (∼2.5 eV) which is overlapped with Fe nanopyramid as in Fig 5.10(b) [side F]. We
didn't see any unusual plasmon-loss features in Fe as well as Ag nanopyramids.

5.5.4 Detecting the oxidation state of Fe in Fe nanopyramidal
arrays
The EELS measurement near the Fe -L and O-K energy in Fe nanopyramid clearly shows
that the Fe is in pure Fe state (no oxide formation). This is evident from O-K feature in
EELS spectra measured in Fe nanopyramid and expected at 532 eV is absent as shown in
Fig .5.10. This conrms the no dielectric layer formation in our experiment.

5.5.5 Faraday rotation
The raw data for nonlinear Faraday rotation measurement is presented in Fig. 5.11.
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Figure 5.9:

(a) EELS intensity map at 1.6 eV with adjacent averaging, B) EELS intensity

map at 2.5 eV with adjacent averaging (c) the EELS intensity at hexpolar corner D, E and
F (d) the EELS intensity measured form G and H (Fe pyramidal corners)

Figure 5.10:

(a) EELS of Fe-L and O-K edges in Fe nanopyramid
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Figure 5.11:

Un-normalized transmission with respect to magnetic eld in Faraday rotation

set-up
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Chapter 6
Summary and future work
A summary of the primary outcomes of this dissertation work are described below.

6.1

Summary

Detection of localized interface plasmons
We studied the surface and interface plasmons of bimetallic Co-Ag nanoparticles with
epitaxial interface at high energy and spatial resolution by STEM-EELS. We found the
emergence of an additional localized electron energy-loss peak originated only at or near the
metal-metal interface regions from the Co-Ag nanoparticle. This energy-loss peak with Eigen
mode in between in-plane dipole and QP plasmon mode conrms the novelty of the origin.
Furthers, we observed a progressive weakening of the energy-loss peak as the monochromatic
electron beam traversed away from the triple point either in Ag or in Co sides, further
conrming that the energy-loss behavior should be a function of the interface. The peak was
more localized than in-plane dipole when excited by fast electrons beam and we attribute it
to be due to modied plasma oscillations owing to eective mass and charge density in the
interface region. The peak was not distinctly observable from the ensemble of such bimetallic
particles by normally incident light. The most likely reason is due to the out-of-plane nature
of the interface charge oscillation.
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Switchable surface plasmons from resettable contact angle in plasmonic nanostructures
We have investigated the potential to reversibly and repeatedly switch plasmonic properties
based on nanosecond laser pulse tuning of the contact angle of Ag nanoparticles synthesize
on quartz substrates.

The contact angle of the nanoparticles could be reversibly changed

between near-spherical and near-hemispherical shapes under a single nanosecond laser pulse
by heating either in a glycerol ambient (which produced the near-spherical shape) or in air
(which produces the near-hemispherical shape). This contact angle changing resulted in a
reversible shift of the dipolar resonance of

38.5 ± 1.6

nm with an accompanying change in

intensity consistent with a shape eect that could be explained by the dynamic MaxwellGarnet eective medium model. Over multiple cycles in each set/reset and switched state, a
small but systematic shift in the plasmon wavelength as well as decrease in overall intensity
was observed and attributed to a loss of material due to the laser melting process. Overall,
this study establishes that one could switch and reset the desired modes of the LSPR in
plasmonically active metallic nanoparticles within nanosecond time scales in plasmonically
passive substrates.

Nonlinear optical and magneto-optical behavior of bimetallic plasmonic structures in telecommunication wavelength
We investigated the nonlinear optical and magneto-optical properties of bi-metallic nanopyramidal systems in telecommunication wavelength. We found that the large value of nonlinear
optical and magneto-optical coecients are due to two photon absorption phenomena which
is further enhanced due to plasmon induced synergistic eect between two metallic systems.
We further found that the partially overlapped Fe-Ag system exhibits a negative and large
value of third order refractive index, two photon absorption coecient and nonlinear Faraday
rotation unlike pure Ag or Fe nanopyramidal system. Moreover, the nonlinear responses in
Fe-Ag systems are strongly dependent on the overlapping extent and in turn the plasmon
induced dipole strength across the ferromagnetic material.

This strongly indicates the

enhancement of third order nonlinearity in Fe-Ag nanopyramidal systems due to the plasmon
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induced activity in Fe metals like magneto-electric eect which depends on the plasmon
induced polarization and magnetization of ferromagnetic material.

6.2

Future work

Detection of localized interface plasmons
The localized interface plasmon behavior with dierent size and dierent metallic systems can
be studied. Further, a comprehensive understanding of interface plasmonic can be developed
by considering interface bonding, eective mass and electron charge at interfaces of metals,
semiconductors or dielectrics.

Switchable surface plasmons from resettable contact angle in plasmonic nanostructures
The resettable contact angle behavior due to laser heating of plasmonic nanostructures in
dierent uids like in water or engine oil can be explored.
absorption of optical spectra.

This behavior allows selective

Also, the tuning mechanism analysis from dierent shape

of the nanoparticles can also be studied. Plasmon induced optical transmission spectra and
switching mechanism starting from hexagonal nanopyramidal arrays in air and water medium
are shown in Figure 6.1.

Nonlinear optical and magneto-optical behavior of bimetallic plasmonic structures in telecommunication wavelength
A systematic study in of bimetallic nanopyramids with respect to overlap and nonlinear
responses can be performed to optimize the behavior.
material system can be explored.
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Also such responses from other

Figure 6.1:

Plasmon induced optical transmission spectra and tunability for hexagonal

arrays
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